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Lasers as sources of heat or light energy have become a “universal tool” in the ad-
vanced manufacturing industry [1]. With the rapid development of high-precision me-
chanical manufacturing, high-performance surface devices are needed in many surface
application fields. Laser-assisted surface technology (LAST, including coatings and modifi-
cation) plays a vital role in several surface engineering fields [2-5]. LAST has been used
to obtain many different surface properties on solid surfaces, such as super-hydrophobic,
super-hydrophilic, super-interface, ultra-hydromechanical, ultra-tribological, and super-
color characteristics [6-8]. Due to the higher performance requirements of structural parts
in the high-end equipment manufacturing industry, single-surface technology cannot com-
pletely solve the problems of surface micro-defects and macro-deformation. Therefore,
LAST combined with other surface engineering technologies has become more important
and is receiving much attention.

Additive manufacturing-processed structures have an exemplary internal structure,
excellent mechanical properties, and gradient materials. For example, by using laser-
engineered net-shaping technology to deposit coatings on the surface of Ti-based implants,
the wear resistance, corrosion resistance [9], and biocompatibility [10] have been improved
significantly. A copolymer wire blended with carbon material was used as a raw material
to construct a pyramid-shaped absorbing array, which achieved an absorption rate of more
than 90% in the frequency range of 5.3-18 GHz [11]. Laser-based phase transformation
hardening (LPTH) uses a high-energy laser to quickly scan a workpiece so that the sur-
face temperature rapidly rises to the phase transition point. Subsequently, self-cooling
quenching is carried out via rapid cooling, and the surface hardness of the workpiece is
greatly improved. For example, Lesyk et al. [12] combined LPTH and ultrasonic impact
hardening to treat medium-carbon steel AISI 1045, which rendered its surface wear 84
% lower than that of steel treated using a single technology (laser-ultrasonic composite
surface treatment). Laser-shock processing uses a short-pulse high-power-density laser
(>108 W/cm?) to radiate the surface of the workpiece so that it rapidly vaporizes to produce
a shock wave with a pressure of 10* Pa, resulting in robust and ductile deformation of the
metal surface. Yang et al. [13] found that laser-shock hardening can significantly improve
the corrosion resistance and wettability of a Ti-Cu alloy. Laser surface cladding involved
the formation of a heterogeneous cladding layer with a certain thickness on the surface of
an alloy using high-energy-laser rapid melting and solidification. Hu et al. [14] deposited
nickel-based tungsten carbide composite powder on a tunnel-boring-machine cutter ring
surface via laser cladding. The wear resistance of the coating with carbide particles was
improved by about seven times. Arthanari et al. [15] deposited coatings sequentially on
the surface of rare Earth magnesium alloy treated with laser melting cladding technology,
and an excellent combination of hardness and corrosion resistance was obtained.

Coatings 2023, 13, 251. https:/ /doi.org/10.3390/ coatings13020251 1 https://www.mdpi.com/journal/coatings



Coatings 2023, 13, 251

Laser molecular beam epitaxy (LMBE) is a thin-film deposition method that can
precisely monitor the epitaxial growth of thin films at an atomic scale to prepare multi-
element, high melting points and complex, layered structures. Krichevtsov et al. [16]
prepared nano-sized magnetic NFO thin films using LMBE, which has an anti-spinel
crystal structure and exhibits a magnetization reversal phenomenon. Laser chemical vapor
deposition (LCVD) uses a focused laser beam to locally heat the substrate to drive the CVD
reaction. The film exhibits excellent adhesion, conductivity, hardness, and smoothness [17].
Pulsed laser deposition (PLD) uses a high-power-density laser beam to ablate the target
surface, with a high-speed plasma plume perpendicularly sputtering out on the target
surface and forming high-performance thin films with complex compositions. Haroon
etal. [18] used PLD to prepare a ZnO saturable absorber and coupled it to an erbium-doped
fiber laser ring cavity. The peak power and pulse energy of the laser were significantly
improved. Dong et al. [19] directly graphitized the surface of a Si substrate via femtosecond
laser sputtering deposition, and multi-layer and layer-controlled graphene films were
prepared on a Si substrate.

Laser surface micro-structuring uses the high-energy peak intensity and nonlinear
absorption characteristics of lasers to prepare super-hydrophobic, super-hydrophilic, super-
color, and antifriction micro-nano-scale structures on the surface of solid materials. Using
laser ablation, Zhang et al. [20] formed a conical non-spherical microstructure on a metal
surface, and a super-hydrophobic surface of a nano-pyramid structure with a contact
angle of 160° was obtained. Li et al. [21] prepared composite nanostructures composed of
random nanopores and nano-protrusions on the surface of GaAs/Ge solar cells using a
liquid-phase femtosecond laser. The structure suppressed the surface reflectivity at 8.9%
in the range of 300~1200 nm, and improved the battery surface’s antireflection property.
Meng et al. [22,23] prepared jungle-like black silicon structures using a femtosecond laser in
an alkaline solution. The structures were able to reduce the average minimum reflectivity
of the silicon surface in the whole visible light region to about 5.6%.

In summary, the protective layer and modified surface obtained via LAST can signif-
icantly improve the surface properties of solid materials. It can be widely used in fields
such as aerospace, machinery manufacturing, petrochemical, shipbuilding, metallurgy,
electronics, and information, and plays an increasingly important role in reducing weight,
remanufacturing, energy saving, and environmental protection.

Funding: The authors acknowledge financial support from the National Natural Science Foundation
of China (No. 51875006).
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1. Introduction

With its outstanding directionality, high energy density, and flexible controllability,
laser technology has become a key and multifunctional core tool in advanced manufactur-
ing systems [1-3]. As a highly localized and precisely controllable heat source, lasers have
driven the development of a wide range of material processing technologies, including sur-
face modification [4], coating fabrication [5], and micro- and nanoscale manufacturing [6],
thereby giving rise to the broad and evolving field of Laser-assisted coating techniques
and surface modifications (LACT & SM). From the perspective of surface performance
enhancement, technologies such as laser shock peening [7] and laser surface hardening [8]
have demonstrated great potential in improving wear resistance, corrosion resistance, and
service reliability. In coating fabrication, laser cladding enables the formation of coating
systems with strong metallurgical bonding and controllable microstructures on substrate
surfaces [9], while laser remelting [10] can further improve coating density and uniformity.
In addition, laser alloying [11] emphasizes elemental incorporation and localized com-
positional reconstruction, allowing for the tailored design of surface microstructures and
properties. Together, these laser-enabled coating and modification technologies provide
critical support for enhancing oxidation resistance, wear resistance, and overall service
performance. At the micro- and nanoscale, laser surface texturing [12] has shown broad
application prospects in regulating surface wettability, improving tribological behavior,
and optimizing photothermal radiation characteristics. Meanwhile, as an efficient coherent
light source, lasers are also widely applied in precision metrology [13], material characteri-
zation [14], and intelligent inspection [15]. Owing to these unique advantages, LACT & SM
play an indispensable role in the manufacturing of high-end equipment, precision engi-
neering components, and advanced functional materials, thereby continuously advancing
modern manufacturing capabilities [3,16].

This Special Issue has systematically compiled the latest advances in LACT & SM,
covering a broad range of processing techniques, fundamental mechanisms, and material
systems, and highlights the emerging trend of multi-technology integration and interdisci-
plinary development aimed at enhancing surface performance [17].

2. Statistics of the Special Issue

This issue consists of 13 full-text articles written by 48 authors. The geographical
distribution of the authors is shown in Figure 1. The authors come from six countries
across three continents: Europe, Asia, and North America. On average, each paper has
approximately four authors.

Coatings 2026, 16, 430
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Figure 1. The distribution of authors by country.

3. Brief Overview of the Contributions to This Special Issue

Lv et al. [18] proposed a two-dimensional elliptical ultrasonic vibration incremental
forming process for laser shock peening pretreatment. This process significantly improves
the surface microhardness of 7075 aluminum alloy plates through a dual mechanism
that promotes internal softening during material deformation and surface strengthening,
thereby improving the surface mechanical properties of the sheet. At the same time, it
creates a strengthening coating with excellent mechanical properties and a residual com-
pressive stress field on the surface, showing potential value in manufacturing aircraft
panels with complex shapes and excellent surface properties. Zdhon et al. [19] studied the
changes in tribological properties of Austempered ductile iron (ADI) under laser surface
strengthening at different isothermal holding temperatures. The results showed that the
laser process achieved a homogeneous martensitic layer on the surface, and its hardness
and wear resistance were significantly improved compared with the non-laser-hardened
surface. This phenomenon supports the theory of a possible martensitic-phase transforma-
tion of high-carbon austenite contained in the structure of ADI castings. Huang et al. [20]
found that the high-temperature oxidation performance of Tig alloy after laser cladding of
a Ti-Hf-Mo-Ta-Nb-B composite coating was significantly improved, and they systematically
explored the microstructure and oxidation behavior of the material, as well as the potential
mechanism of the coating’s high-temperature oxidation resistance. Following the work
in reference [20], to improve the wear resistance of Tig alloy, Huang et al. [21] obtained
a composite coating containing a high-entropy (Tig2Zry,Mog,Tag2Nbg2)B, boride phase
by laser cladding. When the surface of Tig alloy was coated with a high-entropy phase
of 34.17 wt.%, the hardness of the composite coating was about 2.9 times that of the Tig
alloy substrate, and the mass wear rate was about 1/11 of that of the Tigy alloy substrate.
Zhang et al. [22] reported a new surface microcrystallization technique for post-treatment of
cermet coatings using high-temperature-assisted ultrasonic deep rolling (HT+UDR). They
systematically studied the microstructure and tribological properties of Ni-WC coatings
and achieved improvements in coating surface quality, hardness, and wear resistance, pro-
viding a reference for the field of high-temperature ultrasonic rolling of cermet coatings. To
address the lack of research on laser modification technology for improving high-entropy
alloy coatings by laser remelting, Lv et al. [23] used laser remelting to treat FeCoNiCrAl
high-entropy alloy coatings prepared by laser cladding technology and discussed the effects
of laser remelting on the phase composition, microstructure, wear resistance, and corrosion
resistance of the coating. In the corrosion resistance study, they also used Scanning Vibra-
tion Electrode Technology, which was rarely used in previous studies, to accurately show

https://doi.org/10.3390/ coatings16040430



Coatings 2026, 16, 430

the effect of laser remelting on the corrosion resistance of the coating. Goérka et al. [24]
compared the erosive wear resistance of ductile cast irons (DClIs) after laser surface melt-
ing (LSM) and laser surface alloying (LSA) treatments. They analyzed the effects of the
process environment (argon and nitrogen), structural composition (TiC/TiCN fraction,
cementite fraction), and hardness on the erosive wear resistance, as well as the erosion
mechanisms. The results showed that laser melting and alloying processes with titanium
powder had a positive effect on the hardness and erosive wear resistance of DCI surfaces.
In response to the requirements for surface quality in High-Pressure Die Casting (HPDC),
Sutéova et al. [25] investigated the lifetime of PVD-coated inserts and uncoated inserts, as
well as inserts coated with three different nitride-based PVD coatings (TiN, TiAIN, and
CrAlSiN) under actual mass production conditions. Compared with untreated mold inserts,
mold inserts with deposited coatings had higher hardness and longer lifetime, with TiN
coating achieving the longest lifetime.

In the paper by Park et al. [26], a laser-induced selective surface wetting technique
(SSWT) was used to prepare patterned eutectic gallium-indium (EGaln) flexible liquid metal
electrodes. By establishing a perfluorinated self-assembled monolayer to impart super-
hydrophobicity, followed by selective ultraviolet (UV) pulsed laser ablation to generate
hydrophilic regions at predefined surface sites, liquid metal patterns with a linewidth
of approximately 50 pm, superior flexibility, and simple fabrication were achieved. It
is expected to be applied in the promising field of wearable and stretchable electronics
with high flexibility when combined with a passivation layer to protect the liquid metal
electrodes. Feng et al. [27] prepared SiCp aluminum matrix composites with different
spherical WC contents by laser cladding. They analyzed the influence of various factors on
the coating quality through single-factor experiments, and systematically studied the effects
of different laser power, powder feeding rate, and scanning rate on melt width and dilution
rate, micromorphology, phase composition, elemental distribution, microhardness, and
wear performance. They determined the spherical WC content with the best comprehensive
coating performance. Guo et al. [28] studied the application of femtosecond laser direct
writing in the preparation of tungsten surface gratings and the modulation of their thermal
radiation spectrum. They reported the effects of femtosecond lasers with different laser
fluence on grating depth, direct-writing width, and nanostructured regions. The thermal
radiation enhancement phenomenon caused by adjusting parameters such as structural
period and temperature is expected to be applied to infrared remote sensing, infrared
detection, and infrared guidance in the aerospace field. In laser manufacturing technologies
such as additive manufacturing, advanced non-destructive technologies play an important
role in detecting surface defects. In the study of Rodriguez et al. [29], a microsurface defect
identification method based on microlaser line projection and affine moment invariants
was proposed. Compared with traditional optical microscope imaging systems, which
typically have a relative identification error exceeding 3%, this method exhibits higher
accuracy, achieving a relative identification error of 0.721%.

4. Conclusions

Laser surface engineering is a vast subject, encompassing diverse processes, methods,
materials, and applications. The field boasts a wealth of literature, including numerous
reviews and specialized studies. In our Special Issue, we have collected recent works,
in accordance with the authors’ choices, covering novel schemes for coating preparation
and surface modification of advanced manufacturing materials. All of them are aimed at
significantly enhancing the surface properties of devices using advanced laser technologies
and bridging the gap between surface structure design and practical applications. While
no research papers on the latest machine learning and Al-driven optimization methods

https://doi.org/10.3390/ coatings16040430
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for laser processing have yet emerged, our Special Issue clearly demonstrates the steadily
growing interest among researchers in laser-assisted surface technologies for coatings
and surface modification. We hope readers will find the published papers interesting
and helpful.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: In this paper, a composite technique of ultrasonic incremental forming and laser shock
peeing is proposed. The former process is mainly used for the manufacturing of complex-shaped
sheet and strengthening coating that is prepared for subsequent laser treatment. The latter is applied
for secondary surface reinforcement with ultra-high energy. This work focused on the novel ultrasonic
incremental forming method and its effects on surface mechanical properties and micro-structure of
a 7075 aluminum alloy. First, a kind of 2-dimension ellipse ultrasonic vibration incremental forming
process and the unique double-mechanism method of sectionalized cooperative control of plastic
deformation and mechanical performance were designed. Second, the single-point incremental
forming, the longitudinal ultrasonic vibration incremental forming, and the 2 dimension ellipse
ultrasonic vibration incremental forming were performed for the manufacture of conical components
of 7075 aluminum alloy. Third, the Vickers micro-hardness testing results and images of the fracture
morphology of the machined part for the novel technique confirm that softening mechanisms become
dominant inside the metal sheet. Furthermore, a strengthening coating with excellent mechanical
properties and a residual compressive stress field were created on its surface simultaneously. In a
word, the research shows potential values of the proposed technique for the manufacture of aircraft
panels of complex shape and excellent surface properties.

Keywords: ultrasonic incremental forming; laser shock peening; aluminum alloys; surface strength-
ening coating; fracture morphology

1. Introduction

In the aviation industry, great attention has been paid to high-strength aluminum
alloys and thin-walled integral panels, which is a crucial component of large aircraft.
Therefore, the forming technology of key panels is one of the critical issues [1]. At present,
several kinds of developing technology are suitable for manufacturing essential boards
such as stretch forming, shot-peening, incremental forming, creep age forming, and laser
forming [2]. Single-point incremental forming (SPIF) is a sheet metal forming method
that has gained considerable interest in the research field due to its good formability, high
flexibility, and low cost. Researchers have mainly studied the deformation mechanism,
process optimization, and finite element modeling (FEM) simulation to resolve the forming
accuracy and quality problems. Malhotra [3] used a new fracture model combined with
finite element analyses to predict the occurrence of fracture in the SPIF process. Aerens [4]
established practical formulae to predict forming forces based on a large set of systematic
experiments. Vanhove and Pereira [5,6] studied the influence of an increasing feed rate on
forming forces, temperature, and formability. Azevedo [7] evaluated the influence of the
type of lubricant on the surface quality of incremental forming parts of aluminum 1050 and
DP780 steel sheets. Trzepieciniski [8] analyzed the interactions between the SPIF process
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parameters and the main roughness parameters of stiffened ribs fabricated in aluminum
alloy panels. In Bansal’s work, a modified model was given to accurately predict the
formed component thickness, contact area, and forming forces during single and multi-
stage incremental forming [9]. In addition, a great number of research has also facilitated
the rapid development of the SPIF technique. However, it still has some weaknesses such
as severe sheet thinning, long processing cycle, and fracture. These problems impede the
application of the SPIF process in industrial practice [10].

In recent years, numerous studies have indicated that the input of auxiliary energy
is helpful for an improvement in the forming limit and qualities and the reduction in
the forming force. Then, powerful energy such as electricity, magnetism, and ultrasonic
wave has been widely applied to the plastic forming field and machining field [11-14].
Ultrasonic vibration incremental forming has been the one of the most promising tech-
nologies. To study its unique forming mechanism, the ultrasonic volume effect containing
multi-mechanisms of stress superposition, acoustic softening, and dynamic impact has
been investigated [15-18]. Li [19] explored the influence of the superposition of ultrasonic
vibration on the contact behavior and material deformation mechanism during the forming
process. Zhai [20] conducted a series of experiments to explore the impacts of the step-
down size, the sheet thickness, and the rotation speed on the ultrasonic softening effect.
Based on the conversion of ultrasonic vibration to heat, Sakhtemanian [21] established a
new theoretical model to investigate the material behavior in the finite element simulation
of the ultrasonic assisted SPIF process. In fact, a complicated ultrasonic effect involves a
multi-coupling action of the ultrasonic softening effect, ultrasonic hardening effect, work
hardening, heat softening, and stress superposition. The simple heat-conversion theory
is insufficient to completely explore the ultrasonic forming mechanism and satisfactorily
explain the ultrasonic-induced material behaviors. In addition to these mechanism studies,
technique rules and parameter optimization have also been the focus of research. Sun [22]
established a series of experiments to explore the influence of ultrasonic vibration on the
surface property and springback effect of a symmetrical aluminum alloy sheet. Li [23]
investigated the effect of the ultrasonic vibration on the material flow characteristics and
the plastic deformation mechanism during the forming of a straight groove. Amini [24]
analyzed the impacts of process parameters including the sheet material, ultrasonic power,
feeding speed, and tool diameter on the force reduction and temperature increment. Li
and Cheng [25] built a theoretical model describing the relationship between the stress and
strain during the ultrasonic-assisted incremental sheet forming to facilitate an accurate pre-
diction. However, the modified model only considering the softening effect is insufficient
and provides limited improvement in the prediction accuracy.

All of the current published research has mainly paid attention to the ultrasonic effect
and technical optimization based on the unidirectional ultrasonic vibration incremental
forming process. The one-way vibration device only provides inadequate ultrasonic energy
and single high-frequency impact for processing high-strength alloys. The ultrasonic
softening effect is limited to reduce the forming force and improve the formability of
high-strength metals. Furthermore, it is well-known that a series of aircraft disasters
were induced by fatigue failures of the airplane panels because of vibration, aerodynamic
noise, a corrosive environment, and high temperature. This demands aircraft panels
of a complex and accurate shape, outstanding superficial mechanical properties, and
remarkable anti-fatigue performance. The existing forming technology cannot meet the
strict and paradoxical manufacturing requirements of excellent formability, good flexibility,
and valid surface-strengthening simultaneously. To satisfy the increasingly common and
challenging needs, a composite technique of 2-dimension ultrasonic incremental forming
and laser shock peening was proposed in this paper. The former method was suitable
for the manufacturing of a complex-shaped sheet and strengthening coating, which was
prepared for subsequent laser treatment. The latter was applied for secondary surface
reinforcement with ultra-high energy. This work focused on the design of a type of 2-
dimension ultrasonic vibration incremental forming method and its effects on the surface
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mechanical property and micro-structure of 7075 aluminum alloy. The traditional single-
point incremental forming tests, the longitudinal ultrasonic vibration incremental forming
tests, and 2D ellipse ultrasonic vibration incremental forming tests were conducted on
the designed special ultrasonic incremental forming equipment. Classic conical sheets
of the 7075 aluminum alloy were manufactured with the above techniques to verify the
effectiveness of the novel method and study its influence on the mechanical properties and
micro structural evolution of high strength alloys.

2. Materials and Methods
2.1. Experimental Material

The experimental material was the 7075 (T651) aluminum alloy (ALNAN Aluminium
Industry Company, Nanning, China) of the Al-Zn-Mg-Cu series, which was used for the
manufacturing of aircraft due to its ultra-high-strength and lightweight. Its chemical
composition is shown in Table 1.

Table 1. Chemical composition of the 7075 aluminum alloy.

Si Fe Cu Mn Mg Cr Zn Ti Al
<04 <0.5 1.2-2.0 <0.3 2.1-29 0.18-0.28 51-6.1 <0.2 Bal.

2.2. Preparation of Specimen and Tooling

Aluminum alloys are one of the most essential metals due to its good plasticity,
high specific strength, excellent corrosion resistance, and low cost. The 7075 aluminum
alloy with the highest strength has been widely applied to aerospace, automobile, ship,
and die machining, mainly including girder, bulkhead, junction, and integral panels,
which are the main load-carrying structure of planes. While it has a large application
in industry, engineers face significant manufacturing problems of the low processing
properties caused by the high mechanical strength and efficient cooperation of plastic
forming and surface strengthening of the 7075 aluminum alloy. To investigate this further,
a 2D ellipse ultrasonic vibration incremental forming test of the thin-walled panel of the
7075 aluminum alloy was designed in this paper. Thin-walled specimens of the 7075
aluminum alloy used for 2D ellipse ultrasonic vibration incremental forming tests to
investigate the macroscopic mechanical properties and micro-structure evolution under
different conditions of ultrasonic vibration are shown in Figure 1a. The specimens were
machined with a wire-cut electrical discharge machine.

Figure 1. Devices for incremental forming. (a) Specimen and die. (b) Forming tools.

Unlike the traditional punching process, the single-point incremental forming
process of curve surface sheet metal mainly relies on the layered forming path of the
single-point tool instead of the conventional punching die. It is obvious that the single-
point forming tool suffers more strike, friction, and heat than the incremental forming die,
which plays a vital role in improving the quality and geometrical accuracy of the forming
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sheet by supporting and fastening it. Therefore, the single-point forming tools were
made of high-temperature cemented carbide K25, which features a high-temperature
abrasion resistance and long service life because of the high-temperature area of up to
200-800 °C that occurs at the ends of the tool. The tool works under conditions of intense
friction and ultrasonic vibration. The single-point forming tool and die are shown in
Figure 1a,b.

2.3. Method of Experiment
2.3.1. Design of Principle

As known, the most remarkable characteristic of the single-point incremental form-
ing is that the metal sheet is extruded by the rolling tool point by point, according to the
layered forming paths, which are a series of contour lines of the designed production. In
Figure 2a, as the principle image of the single-point incremental forming shows, regional
materials that contact the half-spherical head of the forming tool deforms permanently
as the tool feeds horizontally or vertically. Compared to the traditional stamping process,
this unique processing mode reduces the forming force and tremendously improves the
manufacturing flexibility. At the same time, it causes the heterogeneous deformation
and flow of materials. The severe problem of the thinning rate of the forming sheet
hampers the application of the traditional incremental forming in manufacturing fields.
Furthermore, it is difficult to utilize this technique to manufacture high-strength alloys.
Rupture phenomena always occurs on metal sheets that are deformed beyond their
forming limit. To conquer these challenging difficulties, ultrasonic energy is used in
the softening of difficult-to-deform materials. In recent years, longitudinal ultrasonic
vibration incremental forming has become a research hot spot due to some of its advan-
tages. As Figure 2b shows, the sheet driven by a one-way ultrasonic device vertically
vibrates relative to the forming tool. Then, the feeding and rolling tool impacts the
sheet surface while it extrudes the deformed sheet. The half-spherical affected field
caused by the impact actions marked as a shadow is present in Figure 2b. The longitu-
dinal ultrasonic vibration incremental forming process features a special phenomenon
of high frequency periodic contact-detach conditions of the sheet and the tool. The
working mechanism causing a coupling action of ultrasonic effect, work hardening,
heat softening, and stress superposition has been investigated. Moreover, the periodic
extrusion ameliorates the intense friction condition between the sheet and the tool. This
is beneficial to the improvement in the surface qualities of the forming sheet. However,
the unidirectional ultrasonic vibration design only provides limited energy for material
softening. The manufacture of complex thin-walled panels of high-strength alloys is
still a challenging engineering problems. In addition, current technologies cannot fulfil
the industry’s need for the surface strengthening and fatigue resistance of thin-walled
parts. The bidirectional ultrasonic vibration device, which was successfully applied to
other manufacturing fields, has never been used for incremental forming. In this work,
a unique 2-dimension ellipse ultrasonic vibration method and device were designed.
As Figure 2c shows, the forming sheet driven by the designed 2-dimension ellipse ul-
trasonic device vibrates in an ellipse path relative to the forming tool. Compared to the
second process, it dramatically increases the contact areas between the sheet and the
tool. This affected area, marked as an ellipsoid shadow in Figure 2¢, is divided into
two parts. One part is located in the processing region. Materials in this area deform
and flow under the extrusion action and ultrasonic effect of the rolling and vibrating
tool. A coupling action of the ultrasonic softening effect, ultrasonic hardening effect,
thermal softening effect, work hardening, refined crystalline strengthening, and stress
superposition affects the micro-structure evolution and the mechanical behaviors of
metal materials. It was deduced that the reinforced softening effects dominated in this
process, which tremendously improved the forming limit of difficult-to-deform mate-
rials such as the 7075 aluminum alloy. The other part of the affected area was located
in the adjacent processed region on the side wall of the sheet. Materials restricted by
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‘Workpiece

the supporting mold in this area cannot flow. This process, similar to shot-peening,
created a huge number of impact craters and a layer of strengthening coating with the
residual compressive stress field. Obviously, hardening effects play a leading role in this
area. In other words, the most outstanding innovation of this work is that the proposed
2-dimension ellipse ultrasonic vibration incremental forming process and the unique
double-mechanism method of sectionalized cooperative control of forming deforma-
tion and mechanical performance including an internal softening mechanism, which
promotes the deformation of materials and a surface strengthening mechanism that
improves superficial mechanical properties of the sheet. Therefore, this new technique
could meet the challenging demands on aircraft panels of complex shape and strength-
ening surface. Micro-hardness tests, scanning electron microscope (SEM) (TESCON
Company, Brno, Czech Republic) tests of the micro-structure, and residual stress tests
were performed to prove the above assumptions.

Forming Tool

Workpiece

Impact Crater

(a) (b)

Figure 2. Ultrasonic vibration mode of progressive forming. (a) Without ultrasonic vibration;
(b) vertical ultrasonic vibration; (c) 2D ultrasonic vibration.

2.3.2. Design of Equipment

To accomplish the above goals, it was significant and necessary to design and man-
ufacture the 2D ellipse ultrasonic vibration system. This vibration system was installed
on the workbench of the numerical control milling machine, which turned out to be a
type of specialized equipment for the 2D ellipse ultrasonic vibration incremental forming
tests. As Figure 3a shows, the two ultrasonic vibration devices with the same frequency
(20 KHz) and amplitude (10 pm) were fixed on the workbench. They both contained a
supersonic generator, filter, phase shifter, energy converter, and amplitude transformer.
The amplitude transformer of the named X-axis vibration device was connected to the left
profile of the vibration platform. One of the Z-axis devices was joined with the bottom of
the vibration platform. The exact frequency and the phase difference of a quarter of the
two ultrasonic vibration systems driving the platform vibrated in a 2D ellipse path. The
long-axis and the short-axis of the ellipse path were equal to the vibration amplitude of the
two devices, respectively.

Three kinds of forming experiments—single-point incremental forming process, lon-
gitudinal ultrasonic vibration incremental forming process, and 2D ellipse ultrasonic
vibration incremental forming process—were performed on the specialized ultrasonic
equipment. The die installed above the vibration platform of the equipment was used to fix
the part and assist in forming. The spherical tool with a rolling speed of 500 r/min adopted
movements of horizontal feeding at a constant velocity of 500 mm/min and vertical feeding
at a layered depth of 0.1 mm, once each time. The specialized ultrasonic equipment, conical
specimens, and processing procedure are shown in Figure 3b—d.
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Figure 3. The 2D ultrasonic vibration incremental forming system. (a) Design of the 2D ultrasonic
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vibration system; (b) specialized equipment; (c) processing procedure; (d) processed specimens.

3. Results and Discussion
3.1. Mechanical Property

After single-point incremental forming tests, longitudinal ultrasonic vibration incre-
mental forming tests and 2D ellipse ultrasonic vibration incremental forming tests, five
groups of the Vickers micro-hardness tests were performed on the HMAS automatic hard-
ness testing and analysis system with a testing force of 1000 g and testing time of 20 s to
research the effect of ultrasonic vibration on the mechanical property of the 7075 aluminum
alloy. The hardness tests were independently conducted on the surface of the unprocessed
7075 aluminum alloy sheet, the single-point incremental forming part, the longitudinal
ultrasonic vibration incremental forming part, and the 2D ellipse ultrasonic vibration incre-
mental forming part and cross-section of the 2D ellipse ultrasonic vibration incremental
forming part. As Figure 4a shows, five isometric testing points on the conical part were
uniformly distributed along the depth direction. To confirm the accurate results of the
hardness experiments, the specimen was measured repeatedly five times at each testing
point. The average value of the five measurement values was the final hardness value of
the testing point. Figure 4b shows the Vickers micro-hardness curves of five groups of
testing points. It could be found that compared to the unprocessed sheet of the 7075 alu-
minum alloy, the surface micro-hardness of the SPIF part increased by 17.67%, the surface
micro-hardness of the longitudinal ultrasonic vibration incremental forming part increased
by 38.2%, and the surface micro-hardness of the 2D ellipse ultrasonic vibration incremental
forming part increased by 50.12%. Particularly, the cross-sectional micro-hardness of the
2D ellipse ultrasonic vibration incremental forming part only increased by 6.87%. The
experimental results imply that the proposed 2D ellipse ultrasonic vibration incremental
forming process produces a more powerful surface strengthening effect on the surface of
the 7075 aluminum alloy sheet than the other two techniques. It could be deduced that
work hardening and ultrasonic hardening play a leading role in this region. In addition,
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the testing results also showed that the mechanical properties of the core materials of the
sheet for 2D ellipse ultrasonic vibration incremental forming were similar to or even lower
than that of raw materials of the 7075 aluminum alloy. As known, a coupling mechanism
of ultrasonic softening, ultrasonic hardening, thermal softening, work hardening, refined
crystal strengthening, and superposition stress occurs in the ultrasonic forming process.
Obviously, it is easily inferred that the softening effects merely counteract the hardening
effects inside the sheet for the 2D ellipse ultrasonic incremental forming. In brief, the
hardness experimental results totally confirm the double-mechanism assumption.

2D-EUVIF Part
LUVIF Part
F Part

—O— (y UVIF
—*— Unmachined Surface of Raw Materials

Vickers Hardness/HV

]

1 2 3 4 5
Hardness Test Point Number

(b)

Figure 4. Micro-hardness tests of samples for various forming techniques. (a) Hardness testing

points; (b) hardness curves; (c) micro-hardness test images (from upper left to lower right: 7075
aluminum alloy raw material, incremental forming sample, vertical vibrating ultrasonic incremental
forming sample, and elliptic vibrating ultrasonic incremental forming sample. Notes: 2D-EUVIF is
the abbreviation for 2D ellipse ultrasonic vibration incremental forming; LUVIF is the abbreviation
for longitudinal ultrasonic vibration incremental forming; SPIF is the abbreviation for single-point
incremental forming). (Notes: The numbers 1-5 in Figure 4a represent accordingly five testing points
located equidistantly on the inside wall of the conical part.)

3.2. Residual Stress

To investigate the residual stress field of the 7075 aluminum alloy parts induced by
2D ellipse ultrasonic vibration incremental forming, residual stress tests were carried out
on the i-XRD residual stress test and analysis system produced by the PROTO company in
Canada (Aaugha). Testing standards of ASTM E915-2010 [26] and EN 15305-2008 [27] were
conducted in residual stress tests. The testing conditions are listed as follows: tube voltage
of 20 KV, tube current of 4 mA, radiation of CrK«, the wavelength of 2.291 m, diffraction
crystal plane of (FCC, (311)), X-ray elastic constant of (1/2) S2 = 19.54 x 10~® MPa~!, and
S1=-5.11x 107 MPa~!.

According to the principle of equal angle in the circumferential direction and equal
distance in the depth direction, six points distributed on a spiral line shown in Figure 5a
were selected to test the residual stress. Figure 5b shows the residual stress values of the
testing points on the conical part for the 2D ellipse ultrasonic vibration incremental forming.
The negative stress values of the six sampled points indicate that the 2D ellipse ultrasonic
vibration incremental forming could produce a residual compressive stress field on the
surface of the conical part. The minimum absolute value of residual stress of —101.91
and —107.33 MPa occurred at the top and bottom of the conical part, respectively. The
maximum absolute value of residual stress of —222.03 MPa appeared in the middle of
the sidewall of the conical portion. Moreover, similar measuring results were probed
at locations of No. 3 and No. 4. From this evidence, it was deduced that there was a
significant gap between testing points at various depths, but fewer differences occurred
in the circumferential direction. This was mainly due to the lack of enough support at the
top and the bottom of the conical part. Elastic recovery and deformation led to a decrease
in residual stress. Obviously, to obtain homogeneous residual compressive stress on the
surface of the forming part and improve its fatigue resistance performance, it is necessary
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to facilitate its supporting conditions through optimized processing planning during the
2D ellipse ultrasonic vibration incremental forming procedure.

240
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Figure 5. Residual compressive stress of the 2D-UVIF part. (a) Locations of residual stress testing

points. (b) Residual compressive stress curve. 2D-EUVIF is the abbreviation for 2D ellipse ultrasonic
vibration incremental forming. (Notes: The numbers 1-6 accordingly represent six testing points
located on the inside wall of the conical part.).

3.3. Micro-Structures and Fracture Features

Three metal sheets of 7075 aluminum alloy were processed separately with single-point
incremental forming, longitudinal ultrasonic vibration incremental forming, and 2D ellipse
ultrasonic vibration incremental forming until fracture occurred. Then, their machined
surfaces and fracture morphology were observed on a scanning electron microscope. Some
comparative analyses were performed to identify their surface morphology and fracture
features and to study the effect of ultrasonic vibration on the mechanisms of deformation
and fracture of the high strength aluminum alloy materials from a microscopic perspective.

In incremental forming, the metal sheet is deformed under an extruding force and
frictional force is provided by the rolling single-point tool with feeding movement. When
the metal sheet is in contact with the forming tool, it is inevitable that its surface will
be scratched by the ultra-hard tool. Local material is deformed and departs from the
sheet surface, then it becomes metal debris, which further aggravates its surface quality.
Figure 6a shows that a mass of apparent and dense scratches and layered lacerations were
created on the surface of the sheet. Some small flake debris almost peeling from the sheet
surface were observed in Figure 6b. This was mainly due to the constant extrusion effect
on its surface implemented by the tool, which produced severe deformation and strong
friction during the traditional single-point incremental forming process. The longitudinal
ultrasonic vibration incremental forming process could decrease the forming force and
improve the contact condition between the sheet and the tool because the aided ultrasonic
vibration device reduced their contact area and time. As Figure 6¢ shows, there were
more light and superficial scratches and lacerations on the sheet surface than in Figure 6a.
However, a large number of circular cavities with a diameter of about 10 pm was observed
in Figure 6d. It is easy to deduce that a few micro-debris might get into the processing area
when the tool is briefly apart from the sheet surface driven by the longitudinal ultrasonic
vibration device, and then the one located at the central axis of the spherical-top tool
becomes a piece of sharp and hard abrasive, which drills a circular cavity with the device
falling and revolving in high-speed. This clearly explains the formation of these circular
cavities with regular shapes and similar sizes. Moreover, the holes could undermine the
surface integrity of the product. The 2D ellipse ultrasonic vibration incremental forming
proposed in this paper adopted a kind of unique mode of ultrasonic vibration, which drives
the forming tool to move in an ellipse path relative to the sheet. On one hand, this kind
of high frequency and intermittent extruding action also reduce the forming force and
improves friction condition. Figure 6e displays a few slight scratches on its surface. On the
other hand, the tool vibrating in a 2D ellipse path fiercely impacted the sheet surface. Then,
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some big-flake lacerations were produced as well as the strengthening layer because of the
compound vibration.
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Figure 6. Surface morphology of specimens for SPIF, LUVIF and 2D-EUVIE. (a) 100, SPIF; (b) 500,
SPIF; (c) 100x, LUVIF; (d) 500x, LUVIF; (e) 100x, 2D-EUVIF; (f) 500 x, 2D-EUVIF; 2D-EUVIF is
the abbreviation for 2D ellipse ultrasonic vibration incremental forming; LUVIF is the abbreviation
for longitudinal ultrasonic vibration incremental forming; SPIF is the abbreviation for single-point
incremental forming.
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As known, fracture morphology is important and necessary for material analy-
sis. It always clearly signifies how the micro-structure of the metal evolved and what
kind of fracture characteristic it is. (1) As Figure 7a shows, the fracture surface of the
specimen processed by the SPIF method was flat, with only a few dimples and some
shallow pits were distributed on it. Figure 7b,c displays the back-scattered electron
image (BEI) and the secondary electron image (SEI) of the sample surface topography in
the same position. It is easy to see that the distribution of dimples and the location of
strengthening phases and impurities in the 7075 aluminum alloy was highly identical.
This was mainly due to the weakness of adhesion between the strengthening phases or
impurities and the metal substrate. Then, some cavities were formed preferentially at
the location of those secondary phases. The growing and aggregating adjacent cavities
tended to become big dimples by annexing small dimples nearby. However, the 7075
aluminum alloy, which possesses high strength and poor plastic forming capacity at
room temperature, only created tiny plastic deformation under loading. The cracks
rapidly grew, causing flat dimples. (2) Figure 7d revealed distinct roughness of fracture
surface of 45 degrees. At first, the nucleation, growth, and connection of a small number
of tiny dimples occurred nearby the strengthening phases. These shear dimples that
occurred in Figure 7e signifies an obvious directional consistency. By magnifying the
object 2000 times, a considerable volume of extremely tiny dimples hiding in larger
dimples could clearly be seen in Figure 7f. A few strengthening phase particles appeared
in these larger dimples. It could be deduced that parts of the strengthening phases
cracked under the huge shearing load. One part of these heterogeneous particles started
to fall from the original position, but the other part of the strengthening phases still
stayed in the original location. Due to the plastic deformation limit of the 7075 alu-
minum alloy, dimples stopped forming and growing. Then, a large number of tearing
ridges appeared and extended in the ways of connecting contiguous dimples. Each two
adjacent tearing ridges expanded to become a cleavage plane. There was no time for a
mass of micro-dimples to grow, which were distributed on the nearby tearing ridge or
on the planes. Therefore, the whole micro-topography of the fracture surface presented
a beach-like appearance. The phenomenon of the coexisting tearing ridge and dimple
indicates a typical complex pattern of quasi-cleavage fracture and ductile fracture. In
contrast with the former SPIF sample, the micro-topography characteristic of the lon-
gitudinal ultrasonic vibration incremental forming sample showed that the plasticity
and flexibility of the high-strength 7075 aluminum alloy showed a certain improvement
with the action of one dimension ultrasonic vibration. However, a deficiency in the
plastic deformation of this alloy material was induced by the improper design of the
one-dimension ultrasonic device and lack of sufficient ultrasonic energy. (3) Unlike the
longitudinal ultrasonic vibration incremental forming, the two-dimension ellipse ultra-
sonic vibration device derives a forming tool to strike the sheet surface at an inclining
angle. At the same time, this double-vibration design increased the ultrasonic energy
greatly to reinforce the sheet surface and soften its interior material. Figure 7g shows that
the image of the fracture surface morphology of the 7075 alloy sheet processed by the
2D ellipse ultrasonic vibration incremental forming method confirms this assumption.
As Figure 7g shows, it is easy to divide the whole fracture surface into two distinct
areas according to its magnifying micro-morphology characteristic. The upper area
with a thickness of about 200 pm nearby the machined surface showed fewer patterns
and was smoother. The lower area, far from the machined surface, displayed abundant
and density toughness fracture features. Figure 7h—j presents images of amplifying the
marked area 1, area 2, and area 3 in Figure 7g 500 times. In Figure 7h, a mass of large
and deep dimples was distributed uniformly in this area. It is reasonable to deduce that
multiple coupling actions of ultrasonic softening, ultrasonic hardening, work hardening,
stress superposition and heating softening were induced by the strong 2D ultrasonic
vibration. Moreover, softening mechanisms played a dominant role in the forming
process. Therefore, great dimples were generated and kept growing quickly along with
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the increase in the forming stress and the plastic deformation. While the softening
alloy material was getting close to its plastic limit, the formed dimples and the forming
ones began to tear. In particular, materials around those dimples deformed heavily
before a bright tearing ridge appeared. Therefore, the petal-shaped micro-topography
containing a mass of great dimples and micro ones, as shown in Figure 7h, proved the
assumption of a material-softening-dominant mechanism in the 2D ellipse ultrasonic
vibration incremental forming process. Comparing Figure 7h with Figure 7i, it is easy to
see that more quasi-cleavage planes appeared in area 2, which was far away from the
source of ultrasonic vibration due to the attenuation of the material-softening mechanism
and a reduction in plastic deformation. A long-distance softening mechanism could
probably be realized by the design of a new 3D ellipse ultrasonic vibration incremental
forming method and the optimization of process parameters including the amplitude,
power, and frequency of the ultrasonic vibration system. Figure 7j clearly displays the
contrast of the fracture topography between the superficial strengthening layer and the
internal softening-layer. The magnifying images of the marked areas 4 and 5 are shown
in Figure 7k,1. A trans-granular crack with an angle of 45 degrees almost penetrated the
whole strengthening layer. Nevertheless, there were a few short inter-granular cracks
observed in the softening layer. Large crushed secondary-phase particles were left in the
dimples. Part of those strengthening phases was crushed badly under the forming load
and shearing force that formed during the fracture process. It proved that these dimples
tended to nucleate first at the location of secondary phases, which were also the source
of the short cracks. Furthermore, a considerable volume of micro-dimples of about
5 um in diameter were observed surrounding the large ones. This indicates that the
metal sheet fractured too early before those micro-dimples grew larger. Therefore, the
softening-alloy deformed vastly, but still insufficiently. This phenomenon is consistent
with the multiple coupling action of softening and hardening in the 2D ellipse ultrasonic
vibration incremental forming process. On one hand, the softening effect generated
many great dimples. On the other hand, the hardening mechanism restrained the size
growth of the micro-dimples. At the same time, it was clearly stated that these great
dimples were caused by a plastic slip of fibrous particles instead of detachment or the
rupture of a single huge secondary phase. As Figure 71 shows, the delicate fiber-shape
micro-structure was evenly distributed on the fracture surface of the hardening layer.
The micro-hardness testing results prove that the surface hardness was improved sig-
nificantly by the 2D ellipse ultrasonic vibration incremental forming process. This was
closely related to the strengthening coating of the fibrous micro-structure caused by
work-hardening and ultrasonic hardening. Probing the fracture surface carefully, some
stretched dimples hiding between the fibers were observed. Aside from the secondary
effects of the multiple softening, it was reasonable to conclude that the hardening mech-
anism plays an important role in the evolution of the micro-structure and properties of
the surface layer.
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Figure 7. The fracture morphology of the processed specimens for SPIF, LUVIF, and 2D-UVIF (SEM
images of SE (secondary electrons) and BSE (backscatter electrons)). (a) SPIF, SE, 200x; (b) SPIF,
SE, 2KX; (c) SPIF, BSE, 2KX; (d) LUVIF, SE, 200X; (e) LUVIE, SE, 500 x; (f) LUVIF, SE, 2KX; (g) 2D-
UVIFE SE, 200x; (h) 2D-UVIF, SE, 500X, District 1; (i) 2D-UVIEF, SE, 500, District 2; (j) 2D-UVIF,
SE, 500 x, District 3; (k) 2D-UVIF, SE, 2KX, District 4; (1) 2D-UVIF, SE, 2KX, District 5; 2D-EUVIF is
the abbreviation for 2D ellipse ultrasonic vibration incremental forming; LUVIF is the abbreviation

for longitudinal ultrasonic vibration incremental forming; SPIF is the abbreviation for single-point
incremental forming. Notes: The numbers 1-5 with white boxes in (g,j) represent five testing areas
and their magnified im-ages are accordingly showed in (h-1).
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4. Conclusions

1.

In this work, a type of 2-dimension ellipse ultrasonic vibration incremental forming
process and its unique double-mechanism method of the sectionalized cooperative
control of deformation formation and mechanical performance including the internal
softening mechanism, which promotes the deformation of materials, and the surface
strengthening mechanism, which improves the superficial mechanical properties
of sheet, were designed. This innovative technique aims to meet the challenging
industry demands on the manufacture of thin-walled aircraft panels of a high-strength
aluminum alloy with a complex shape and surface strengthening coating.

The experimental results showed that the mean value of the surface micro-hardness
of the conical sheets processed by single-point incremental forming, longitudinal
ultrasonic vibration incremental forming, and 2D ellipse ultrasonic vibration incre-
mental forming were increased accordingly by 17.67%, 38.2%, and 50.13% compared
to that of the raw materials of the 7075 aluminum ally. However, the mean value of
the cross-sectional micro-hardness of the 2D ellipse ultrasonic vibration incremental
forming sheet increased by only 6.87%. The experimental results demonstrated that
the mechanical properties of the core materials of the part were nearly the same as or
even lower than that of the raw materials. The SEM images of the fracture surface
of the sheet for the novel forming technique showed distinct features of the surface
strengthening coating with about a 200 pum fibrous-structure thickness and ductile
fracture with a great number of dimples induced by softening effects. The testing
results totally confirmed the double-mechanism assumption of internal softening and
surface strengthening. In addition, a residual compressive stress field located on the
surface of the sheet for the novel forming method could improve its fatigue resistance.
The SEM images of the fracture surface of the sheet for the novel technique showed
that the ductile feature of the isometric dimples decreased along the depth and
more quasi-cleavage planes appeared far from the source of ultrasonic vibration.
Obviously, these phenomena were closely related to the affecting range of ultrasonic
vibration. Although the double-mechanism method was proven to be feasible, the
conditions for the motivating softening effects or hardening effects that play a leading
role are still unknown. The precise quantification of ultrasonic softening, ultrasonic
hardening, thermal softening, work hardening, refined crystalline strengthening, and
stress superposition is challenging but vital for application of the 2D ellipse ultrasonic
vibration incremental forming process and the double-mechanism method in industry.
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Abstract: Cermet coatings are post-treated by a new surface microcrystallization technology, namely
high-temperature-assisted ultrasonic deep rolling (HT + UDR). The process parameters of ultrasonic
deep rolling significantly affect the microstructure and tribological properties of the Ni-WC coatings.
In this paper, the samples were treated with different preloading depths (0.20 mm, 0.25 mm, and
0.30 mm), and the microstructure and properties of the coatings were characterized by SEM, EDS,
X-ray stress analysis, and micro-Vickers hardness testing. An MMW-1A-type friction and wear tester
was used for the dry friction and wear test at room temperature, respectively. Compared with the
untreated sample, plastic rheology occurred on the surface of the coatings after HT + UDR, showing
a phenomenon of “cutting peaks and filling valleys”. In the treated coatings, visible cracks were
eliminated, and the inside of the coating was denser. The surface hard phase was increased as a
“skeleton” and embedded with the soft phase, which played a role in strong and tough bonding.
After HT + UDR + 0.25 mm treatment, the surface roughness increased by 68%, the microhardness of
the surface layer reached a maximum of 726.3 HV 1, and the residual tensile stress changed from
165.5 MPa to —337.9 MPa, which inhibited the germination and propagation of cracks. HT + UDR
improved the wear resistance of the coating in many aspects. The coating after the 0.25 mm preloading
depth treatment possessed the smallest friction coefficient and the lowest wear amount, which is
0.04 and 4.5 mg, respectively. The wear form was abrasive wear, and the comprehensive tribological
performance is the best.

Keywords: preloading depth; plastic flow; microhardness; residual stress; tribological property

1. Introduction

The cermet coatings are deposited on the surface of the metal materials by plasma
spraying technology. Ceramic materials (such as WC, Cr3C,, TiC, and TiB,) serve as hard
phases, and metal materials (such as Ni, Fe, and Co) work as soft phases, thus generating
strong and cohesive coatings [1-4]. Currently, traditional plasma-sprayed cermet coatings
have insurmountable shortcomings, such as poor quality of the coating surface, internal
defects, and the uneven distribution of ceramic grains in the coatings [5]. The grain
distribution in the coating cannot be improved by optimizing spray process parameters
alone [6]. On the one hand, the cermet coating has high porosity, multiple cracks, and a
coarse layered structure in the presence of large ceramic particles, and the interface bonding
strength of each layer is weak [7]. On the other hand, the thermal expansion coefficient and
elastic modulus of the ceramic particles are quite different from those of the alloy powders,
resulting in high amplitude and residual gradient stress in the coating interior and at the
substrate-coating interface. These two aspects seriously affect the overall performance
and wear resistance of the coatings [8]. Xiaoqin Zhao et al. deposited conventional
and nanoscale WC-12%Co coatings on a 1Cr18Ni9Ti stainless steel substrate by plasma
spraying technology, wherein the nanoscale WC-12%Co coating exhibited higher hardness
and finer microstructure [9]. However, the preparation of nanocoatings cannot solve the
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large residual tensile stress. Residual stress further promotes interface delamination and
cohesive delamination, which requires appropriate post-treatment [10].

Numerous studies have shown that strong plastic deformation (SPD) causes grain
refinement [11,12] and work hardening [13,14] on the surface of the materials and intro-
duces large residual compressive stress, which plays an important role in reducing the
growth rate and germination of crack [15,16]. SPD technologies include surface mechanical
grinding (SMAT) [17], shot peening (SP) [18], deep drawing (DR) [19], low plastic pol-
ishing (LSP) [20], etc. Different surface states of treated materials may generate surface
defects and affect fatigue strength. Ultrasonic deep rolling (UDR) utilized both ultrasonic
frequency and static pressure to reduce surface damage, showing excellent results [21].
For materials with high hardness and poor toughness, UDR treatment leads to excessive
work hardening of the material and is not easy to produce a large plastic deformation layer.
Metal materials have good ductility at high temperatures and are more prone to plastic
deformation [22]. Xuehui Shen et al. [23] conducted ultrasonic roller burnishing (URB) and
ultrasonic roller burnishing combined with heat treatment (URB/HT) on Inconel 718 alloy.
After URB/HT treatment, the sample surface roughness was lower, the microhardness
was further improved, and the residual compressive stress distribution was more uniform.
Auezhan et al. [24] performed ultrasonic nanocrystalline surface modification (UNSM)
on the basis of local high-temperature heating (LHT) for Ti-6Al-4V, in which the surface
hardness was increased by a maximum of 34.3%, forming a high work hardening layer on
the surface. The surface roughness and friction coefficient decreased, and LHT (800 °C)
and UNSM exhibited the highest residual compressive stress and the best wear resistance.
S G MacLeod et al. [25] also treated Ti-6Al-4V at high temperatures and high pressures, and
Ti-6Al-4V existed stably in a hexagonal structure at 30 GPa and 886 K. Numerous studies
have confirmed that the comprehensive properties of the materials were improved under
high-temperature and high-pressure treatment.

Many researchers have mainly applied this technology to metal materials with low
hardness and good toughness, greatly improving fatigue life and wear resistance. There are
few studies on HT + UDR (high temperature and ultrasonic deep rolling) Ni-WC coatings
because WC particles have high hardness and high brittleness. In this paper, the surface
morphology, microstructure, mechanical properties, and wear resistance of Ni-WC coatings
treated with different process parameters under HT + UDR were investigated. It provides
a reference for high-temperature ultrasonic deep rolling metal-ceramic coating and is of
great significance to the development of coating post-treatment technology.

2. Experimental Materials and Methods
2.1. Experimental Materials and Equipment

First, the base body was pretreated. 45 steel served as the base body material, which
was processed into a ring shape with an outer diameter of 54 mm, an inner diameter of 38
mm, and a ring thickness of 8 mm. The chemical composition and mechanical properties
of 45 steel are shown in Tables 1 and 2. The samples were polished with metallographic
sandpaper, cleaned with acetone to remove impurities, and sandblasted for roughening.
Ni60 and 15 WC cermet powder produced by China Chengdu Zhenxing Metal Powder Co.,
Ltd. was used as the plasma spraying material, with a powder particle size and particle
size of 53 um. The chemical composition is shown in Table 3. Ni60 and 15 WC cermet
powder was sprayed on the surface of 45 steel with a thickness of 0.45 mm through a JP-
8000 automatic spraying system (TAFA Corporation, Concord, NH, USA). The parameters
were set as a barrel size of 10/cm, oxygen flow rate of 837 /L-min~!, powder feeding gas
flow rate of 11.8/L-min~!, powder feeding pressure of 0.34/MPa, powder feeding rate of
100/g-min~!, spraying distance of 350/mm, and natural cooling in air.
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Table 1. Chemical composition of 45 steel (mass fraction, %).

Element C Si Mn Cr Ni Cu Fe
45 steel 0.42~0.50 0.18~0.3 0.50~0.80 <0.25 <0.30 <0.25 Bal.

Table 2. Mechanical properties of 45 steel.

Yield Tensile Section Elongation after Hardness/HRC
Strength/MPa Strength/MPa Shrinkage/% Fracture/%
>355 >600 >40 >25 45

Table 3. Chemical composition of nickel tungsten carbide powder Ni60 + 15 WC (mass fraction, %).

Element Cr B Si C Fe Ni WC
Ni60 + 15 WC 15~20 3.0~45 35~55 0.5~1.1 <10 Bal. 15

The coatings were softened by absorbing high heat provided with induction heating
equipment, an Al-518 artificial intelligence temperature controller, auxiliary induction
heating, and other modular system devices at 800 °C. The coatings exhibited a large surface
roughness after heating treatment, and direct ultrasonic rolling caused the peeling of the
coating due to the high friction between the ball and the coating contact surface. Therefore,
ultrasonic deep rolling surface strengthening treatment on the coating was carried out
using an ultrasonic rolling strengthening horizontal lathe (Shandong Huayun Haukeng
equipment C616-10 series, Jinan, China) after grinding. The ultrasonic deep rolling process
is shown in Figure 1. The deep rolling force was 0.3 MPa, the feed rate was 0.15 r/min,
the spindle speed was 248 r/min, the ultrasonic frequency was 20 kHz, the amplitude
was 10 um, and the preloading depths were 0.20 mm, 0.25 mm, and 0.30 mm. Samples
were labeled as follows: Untreated, HT + UDR + 0.20 mm, HT + UDR + 0.25 mm, and
HT + UDR + 0.30 mm.

Rolling

Rolling tool

Three -jaw chuck

Figure 1. Diagram of the ultrasonic deep rolling process.

2.2. Analysis and Characterization

A wire cutting machine was used to process the large sample of the ring into a small
sample of 10 mm X 9 mm x 6 mm, and 500, 800, 1000, 1500, and 2000 grit sandpaper
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was used on the YM-2A metallographic sample pre-grinder in turn. The samples were
polished to the mirror effect by the PG-2D metallographic polishing machine with 0.5 W
and 0.25 W diamond abrasive paste. After washing with absolute ethanol, the section of
the small sample was etched with 4% nitric acid alcohol for 10 s, quickly cleaned, and dried
for further observation.

The microstructure of the cermet coating was observed by electron microscopy (ZEISS
Sigma, Jena, Germany), and the surface elements of the coating were analyzed by energy
dispersive spectrometry (EDS), as shown in Figure 2. The JB-6C inductive surface rough-
ness tester was used to randomly measure the surface roughness of the coating in three
regions of the sample, and the average value was taken to reduce the error. The gradient
microhardness of the cermet coating was tested by a CHV-1000A microhardness tester with
an experimental load of 100 g and an application time of 15 s. Ten regions were selected
for each position, and the average value was taken. The residual stress test of the coating
surface was carried out by an X-350A X-ray stress analyzer, and the Cu target Kot line was
selected and measured by the roll fixed ¢ method. The principle is that the residual stress
changes the crystal structure of the material, the diffraction peak is displaced, the diffraction
line displacement is used as the original data, and the measured result is the residual strain.
Then, the residual stress was calculated by Hooke’s law, as shown in Formula (1):

T 0(26y)

)

T2+ 01809 sin2 g

Figure 2. Electron microscope (ZEISS Sigma) with spectrometer.

In Formula (1), ¢ is the residual stress, E is the elastic modulus of the material, u
Poisson’s ratio for the material, 6 is the Bragg angle without stress, 8 is the Bragg angle
when stressed, and ¢ is the normal angle with the surface of the specimen. Each specimen
surface was randomly tested for 5 points, and the average value was taken.

A large pin plate wear test on the surface of the sample was performed at room
temperature using an MMW-1A friction and wear testing machine (Jinan Chenda Testing
Machine Manufacturing Co., Ltd., Jinan, China). As shown in Figure 3. The friction pair
material was 45 steel with ¢ 4 mm X 12 mm, and the hardness was HRC40-HRC45. The
friction and wear test parameters are listed in Table 4.
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Figure 3. MMW-1A friction and wear testing machine.

Table 4. Parameters of the friction-wear test.

Normal Load/N Rota.t 8 S?eii of Wear Time/s Test Temperature/°C
Pair/(r-min—1)
300 200 1500 25

3. Results and Discussion
3.1. Analysis of Organizational Structure and Surface Topography
3.1.1. Organizational Structure Analysis

Figure 4 shows the SEM (scanning electron microscope) images of the cross-section of
the cermet coatings. Figure 4a indicates that Untreated coating possessed a low density and
high surface roughness. A large number of cracks and holes were mainly distributed in the
middle and upper parts of the coating, and a mass of unmelted silver-white WC particles
were aggregated and unevenly distributed [26]. Plasma spraying heated the metal and
ceramic material particles to a high temperature in a very short time, making the materials
in a molten and semi-molten state. After spraying to the surface of the substrate, they were
solidified by rapid cooling in air. The thermal expansion coefficient and elastic modulus
of the metal powder and ceramic particles in the coating were quite different, and the
residual stress distribution in the coating and the bonding area between the coating and
the substrate exhibited a high amplitude and a large gradient [9], which resulted in cracks
and pores in the coating, mainly occurring around the WC ceramic particles with a small
thermal expansion coefficient. In Figure 4b, HT + UDR + 0.20 mm coating comprised a
higher density, obvious cracks were eliminated, the surface roughness was reduced, the
upper pores were eliminated by the flowing material, and the unmelted WC particles were
embedded in the coating. The layer was evenly distributed and stretched in a wavy shape
along the deep rolling direction. The surface roughness of untreated and HT + UDR treated
samples were 1.36, 0.466, 0.335, and 0.387 um, respectively, as shown in Table 5. Under
HT + UDR processing, the coating absorbed enough heat to soften, the atomic spacing
increased, the metal bonds became weaker and broken, and plastic deformation was more
likely to occur. In addition, the micro peaks were squeezed to flow, and the pits were filled
with the material flowing in the micro peaks. The surface cracks were also eliminated, and
the internal cracks of the coating were bridged under the action of plastic rheology, which
inhibited the large-area expansion of the cracks and the surface cracking. The hardness
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and brittleness of WC particles decreased, and the tensile deformation in the deep rolling
direction exhibited a wavy shape.

Figure 4. The structure of different preloading depths: (a) Untreated; (b) HT + UDR + 0.20 mm; (c)
HT + UDR + 0.25 mm; (d) HT + UDR + 0.30 mm.

Table 5. Surface roughness of untreated and HT + UDR processed samples.

Sample Untreated 0.20 mm 0.25 mm 0.30 mm
Surface roughness/pm 1.36 0.466 0.335 0.387

In Figure 4c¢,d, the surface pits of the HT + UDR + 0.25 mm and HT + UDR + 0.30 mm
coatings were eliminated, and the porosity was gradually reduced. HT + UDR + 0.25 mm
coating possessed the highest surface flatness, in which coating cracks and pores were basi-
cally eliminated. With the increase in the preloading depth, the slip [27,28] and dislocation
of the grains became large under the action of high-temperature heating and ultrasonic deep
rolling. The deformation degree of the coating was also increased, the effect was deepened,
and the dislocation slip rate of the unit cell gradually changed. The large dislocation density
led to the entanglement phenomenon, and annihilation and recombination were generated
near the dislocation wall, forming a new grain boundary layer and refining the grains [29].
However, the bottom layer cracked when the preloading depth was 0.3 mm. When the grains
were refined to the limit of the material, the more grains per unit volume increased, the grain
boundary area became larger, which prevented dislocation and intergranular slip. The ability
to resist plastic deformation became stronger, and excessive preloading depth destroyed the
internal stress balance, causing the coating grains to break and fall off.

Figure 5 shows the energy spectrum line scanning diagram of the interface of the
coating treated by high-temperature ultrasonic deep rolling. The scanning direction was
from the coating to the substrate, and the different color curves indicate the changes of the
main elements Fe, W, Ni and Cr at the interface. The content of Fe and Cr elements in the
transition interface from the coating to the substrate gradually increased, and the content
of Ni and W elements gradually decreased at the interface junction. It can be concluded
that the element diffusion phenomenon occurred at the interface between the coating and
the substrate after the coupling treatment, mainly Fe and Cr diffused from the substrate
to the deep rolling coating, and Ni and W diffused from the coating to the substrate. The
interface between the coating and the substrate was clear and in the form of occlusion, and

28



Coatings 2023, 13, 499

the main bonding mode was mechanical bonding [29,30]. After HT + UDR, the lower part
of the coating was embedded with the substrate under the action of temperature field and
ultrasonic extrusion pressure, which improves its bonding strength.

Figure 5. Line scanning results of HT + UDR + 0.25 mm coating interface.

3.1.2. Surface Topography Analysis

Figure 6 shows the surface morphologies of all coatings. The surface of the Untreated
coating (Figure 6a) was continuous and uneven, similar to a hill. The melting point of
WC powder particles is much higher than that of Ni-based powder particles, and the
incompletely melted WC particles accumulated on the surface of the coating, resulting
in the diffusion, accumulation, and solidification of droplets after high-speed impact.
After the HT + UDR + 0.20 mm processing (Figure 6b), the distance between the surface
microgrooves and pits of the coating was equal. Surface grinding was performed before HT
+ UDR to leave grooves. To avoid cracks, shedding and cracking of the coating occurred
under the action of ultrasonic deep rolling, which was due to the large contact friction
between the ball and the coating surface. Subsequently, the material underwent plastic flow
to fill the grooves, forming microgrooves and pits. Figure 6¢ shows that both grooves and
pits on the surface of the HT + UDR + 0.25 mm coating basically disappeared. With better
plastic rheology, enough materials were available to fill pits to obtain better surface quality.
In Figure 6d, the grooves on the surface of the HT + UDR + 0.30 mm coating disappeared
completely, leaving a large area of potholes. The larger preloading depth generated a more
intense deep rolling force impact on the coating surface, exceeding the strength limit of
the material itself. The excessive slip of local metal particles produced more significant
compressive stress, severe lattice and grain damage distortion, and the falling-off material
and fine lines on the coating surface.

There were a large number of “silvery white” areas on the surface of the HT + UDR
coatings, which points 1-4 were analyzed by EDS, as shown in Figure 7. The gray position
points 1 and 2 showed that the enrichment of Ni was the most significant, and the peak
intensity of Cr and W on the surface of HT + UDR was improved. Cr and C easily formed
hard phases at high temperatures, such as Cr;Cs3 and Cry3C7 compounds [30], which played
an important role in improving the strength and hardness of the coatings. The W element
was enriched in Point 3 and Point 4 with a silver—white color, which was composed of
WC and W,C. WC particles were crushed under the action of the UDR surface. The brittle
fracture occurred, which was attributed to the softening of the coating at high temperatures
and the embedding of particles on the coating surface under ultrasonic impact. Therefore,

29



Coatings 2023, 13, 499

the surface quality of the coating was improved under HT + UDR, and more hard phases
were generated on the surface, which comprehensively improved its wear resistance.

Figure 6. Surface morphology of preloading depth: (a) Untreated; (b) HT + UDR + 0.20 mm; (c) HT +
UDR + 0.25 mm; (d) HT + UDR + 0.30 mm.
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Figure 7. EDS results of the corresponding points of Points 1-4 in Figure 6.
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3.2. Coating Performance Analysis
3.2.1. Microhardness Analysis

In this study, the hardness of the coating was significantly improved after HT +
UDR treatment. Under the action of the high-frequency deep rolling impact coating
surface, the coating was extruded and deformed, the cracks and pores were compressed,
and the bonding was closer. The surface grains were extruded and deformed gradually
with the depth, resulted in changes in the microstructure. As shown in Figure 8, the
maximum microhardness was not on the surface, which occurred at 25 um from the
surface. The maximum surface microhardness of the Untreated, HT + UDR + 0.20 mm,
HT + UDR + 0.25 mm, and HT + UDR + 0.30 mm groups was 450.9 HV 1, 610.5 HVj 1,
726.3 HV( 1, and 685.3 HV( 1, respectively. In the process of HT + UDR, the surface
grains were refined under the action of deep rolling force [11,31,32], and the surface grains
underwent elastic recovery after deep rolling. Meanwhile, the heat generated by the contact
between the deep ball and the coating surface and the residual heat generated by high-
temperature heating promoted grain growth. The grains in the subsurface layer were
prevented from elastic recovery by the coating surface, and the heat transmitted to this area
was also small, so the grains occurred permanent plastic deformation. The microhardness
decreased with increasing grain size, which was ascribed to the refinement of grains under
the ultrasonic deep rolling impact, and the strength (or hardness) was calculated by the
Formula (2) [33]:

2 1/2
of=0p+ k(dfp) + aGbp (2)
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Figure 8. Distribution of hardness along with depth under different preloading depths.

In Formula (2), of is the strength, 0y is the frictional stress, k is the Hall-Petch constant,
d fp s the mean free path of dislocation, « is the constant, G is the shear modulus, b is the
Burgess vector, and p is the dislocation density.

According to the formula, with the decrease in the mean free path of dislocations
and the increase in dislocation density, the grain size decreased, and the microhardness
increased. The hardness of the Untreated coating varied with different preloading depths,
which was less than that of HT + UDR. However, the hardness did not increase with
increasing preloading depth, it increased between 0.20 mm and 0.25 mm and then decreased
from 0.25 mm to 0.30 mm. Combined with the analysis of the microstructure of the coating,
the impact stress on the surface of the cermet coating was more significant when the
preloading depth was too high, resulting in wrinkling and micro-cracks on the surface of
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the coating, and the surface roughness will increase, which had a particular influence on
the uniformity of the microhardness. With the increase in the preloading depth, the plastic
change layer and work hardening layer of the coating were improved. When the depth
was more than 0.25 mm, the maximum microhardness no longer increased, the depth of
strengthening also gradually became slow, and the hardness tended to be consistent after
reaching the substrate.

3.2.2. Residual Stress Analysis

The residual stress in the thermal spraying coating is mostly tensile stress, which has
an adverse effect on the comprehensive performance of the coating. The main sources are
quenching stress, thermal stress, and structural stress [10]. Figure 9 shows the residual stress
of the Untreated, HT + UDR + 0.20 mm, HT + UDR + 0.25 mm, and HT + UDR + 0.30 mm
coatings were 165.5 MPa, —290.9 MPa, —337.9 MPa, and —308.6 MPa, respectively. Consid-
ering the large error bar, the residual stress after treatment was relatively close. Uneven
plastic deformation occurred on the surface layer under UDR, resulting in lattice distor-
tion and residual compressive stress on the surface layer. The maximum value reached
—337.9 MPa with a preloading depth of 0.25 mm. The residual compressive stress on the
surface of the HT + UDR + 0.30 mm treated coating was reduced. However, the plastic
deformation of the coating became more severe with increasing preloading depth, resulting
in a change in residual stress. With the continuous increase in preloading depth, the dy-
namic recrystallization behavior of the surface was intensified, and the dislocation density
decreased and released residual stress. The transformation of residual tensile stress into
residual compressive stress on the surface increased the fatigue resistance and plastic
deformation resistance of the coating, thus effectively improving the wear resistance of the
material [31,34].

200

100

(=]

-100

-200

Residual compressive stress/MPa
o
(=]
=
T

-400

1 | 1 1
Untreated HT + UDR +0.20 mm HT + UDR + 0.25 mm HT + UDR + 0.30 mm

Figure 9. Residual stress of the coating under different preloading depths.

3.3. Tribological Performance Analysis
3.3.1. Analysis of the Friction Coefficient and Wear Loss

Figure 10 shows the friction coefficient curves of the samples after different preloading
depth treatments. In the initial stage of friction and wear, the friction coefficients showed
a sharp rise trend and then gradually decreased to a stable stage. In the initial stage, the
soft base was first worn off by the surface of the friction pair to produce scratches, furrows,
or fragments, and the remaining hard points formed a prominent surface to rub against
the surface of the friction pair, leading to a large friction coefficient. As the friction and
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wear entered the second stage, the wear contact part of the coating began to peel off, and
oxidation continued to increase. At this time, the wear contact interface was micro peak and
chip layer, and the friction coefficient decreased. When the wear entered the third stage, the
friction coefficient gradually stabilized. Mechanical meshing and molecular attraction were
involved in the coating wear process. According to the tribology principle, the calculation
formula of the friction coefficient is as follows:
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Figure 10. Friction coefficient of the coating under different preloading depths.

In Formula (3), yt is the friction coefficient, F is the friction test force, W is the normal
load, A is the actual contact area, and S is the shear stress.

The initial friction coefficient of HT + UDR + 0.20 mm was the smallest, and it fluc-
tuated more. The initial friction coefficient of HT + UDR + 0.25 mm was the largest, but
it quickly reached the stable stage. The initial friction coefficient of HT + UDR + 0.30 mm
was in the middle, then gradually decreased, then dropped sharply at 10 min, and grad-
ually fluctuated steadily. The surface quality under the 0.20 mm preloading depth was
relatively poor with pits and grooves, which resulted in contact stress concentration, local
friction heat, high adhesion, and oxide, promoting the friction coefficient to fluctuate in an
unstable way. Tribology mentioned in molecular mechanical theory that there were many
tiny bumps on the smooth surface from the atomic scale. When the normal pressure was
more than the elastic limit of the material, the bump at the top of the plastic deformation
happened, crushed into a flat, and then touched each other. The distance between two
objects decreased, with small molecular attraction to the scope of work, and atomic bonding
occurred between two compressed surfaces. Therefore, the initial friction coefficient was
the largest under 0.25 mm. After the preloading depth HT + UDR + 0.30 mm treatment,
microcracks and pits appeared on the surface of the coating, which needed a long period of
wear in the first and second stages before entering the stable wear stage.

As shown in Figure 11, the average friction coefficients of the coatings under different
preloading depths of 0.20 mm, 0.25 mm, and 0.30 mm were 0.09, 0.04, and 0.08, respectively,
with the wear amounts of 7.8 mg, 4.5 mg, and 5.4 mg, respectively. In addition, the friction
coefficient is related to the hardness and residual stress of the material. The residual
compressive stress generated on the surface can offset the contact stress suffered by some
samples. The microhardness and residual compressive stress of the coatings increased with
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increasing preloading depth. When the preloading depth reached 0.30 mm, microcracks
appeared on the coating surface and the residual compressive stress was reduced.
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Figure 11. Average friction coefficient and wear of the coating under different preloading depths.

3.3.2. Wear Type and Mechanism Analysis

Figure 12 shows the surface wear morphologies of the dry sliding friction under dif-
ferent preloading depths. The wear surface of HT + UDR + 0.20 mm showed flake peeling,
with spalling pits and adhesion points. The furrows were wide and deep, accompanied by
the accumulation of debris. There were many pits and rough peaks on the surface, and the
rough peaks were cut during dry sliding wear, resulting in adhesion on the worn surface.
Further wear generated more friction heat and aggravated adhesion, eventually forming
larger adhesion points. The main forms of friction wear were adhesive wear and fatigue
wear. There were many furrows on the wear surface under the 0.25 mm preloading depth
in Figure 12b, and the furrows were narrow and shallow. The furrows were parallel to
each other and moved in the same direction as the friction pair, without obvious cracks
and spalling pits. There were no obvious defects on the surface of the coating before
wear, and the friction curve showed that the sample entered the stable wear stage from
the point contact transition surface. The width and depth of scratches and furrows in
the silver—-white area were smaller than those in the black area, which was attributed to
the higher hardness and strength of hard phases (such as WC), as well as strong wear
resistance and deformation. The friction and wear of the hard phase in the coating was
a “skeleton” effect, and the soft phase exhibited good capability of plastic deformation.
The embedded WC hard phases in Ni and Fe underwent plastic deformation, absorbed
energy, and prevented the hard phase from peeling, thus achieving the effect of the “strong
and tough bonding”. The main wear form was abrasive wear. In Figure 12¢, there were
deep furrows and fatigue cracks, as well as spalling pits at the crack edges. On the surface
of high hardness, the pin plate with the sample in the process of wear and tear led to the
extrusion edge grinding crack area of the bulge and increased some parts that were prone
to large stress concentration. The area of the bulge was separated from the surface under
the repeated friction of the pin plate to form a high hardness abrasive grain and then fell
into the furrow area to form three-body abrasive wear of the pin plate, high hardness
abrasive grain, and coating, thus generating deeper furrows during the wear process. As
the yield stress of the material is certain, cyclic stress was formed in the contact area with
continuous wear. When the cyclic stress was greater than the yield stress of the material,
the coating surface underwent irreparable plastic deformation, and microcracks occurred
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and expanded to a certain extent on the surface, resulting in material fracture and spalling.
The main wear forms were fatigue wear and abrasive wear.

> A Adhesiiyﬁ'point 2

Spalling pit
Sliding direction

Figure 12. Wear morphology of coatings with different preloading depths: (a) HT + UDR + 0.20 mm;
(b) HT + UDR + 0.25 mm; (c) HT + UDR + 0.30 mm.

The mechanism analysis pre and post wear resistance strengthening is shown in
Figure 13. The surface defects of the coating were eliminated by high-temperature ultrasonic
deep rolling, and WC particles were dispersed in the coating structure. At the same time,
the surface hardness of the coating was improved and the residual compressive stress was
introduced to further improve the wear resistance of the coating [32]. In the early stage of
wear, the pin plate was continuously squeezed and rotated along the surface of the Ni-WC
coating to cause friction and wear. The hardness of the nickel-based alloy is smaller than
that of the WC particles, and it is quickly removed by the asperities on the surface of the pin
plate, exposing the skeleton of the WC particles, which can effectively block the ploughing
of the abrasive particles on the nickel-based alloy area. The convex WC particles and the
concave nickel-based alloy structure continuously flow into the concave nickel-based alloy
area during the wear process, avoiding the sliding of the wear debris between the pin
plate and the coating and reducing the probability of plastic deformation and spalling on
the coating surface. With the increase of wear time, the height of WC particles reaches
the concave area, and the next cycle is carried out until the wear fails. The preloading
depth mainly affects the degree of plastic deformation of the coating. With the increase in
preloading depth, the surface roughness and microhardness of the coating increased first
and then decreased, and the tribological properties increased first and then decreased.
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Figure 13. Wear resistance mechanism diagram pre and post coating strengthening: (a,b) pre and
post HT + UDR; (c,d) pre and post coating wear.

4. Conclusions

The Ni-WC coatings were posttreated by HT + UDR to investigate the effect of preload-
ing depth on the microstructure and tribological properties of the coatings. The main
conclusions of this study are as follows:

(1) After HT + UDR treatment, plastic rheology occurred on the surface of the coating,
achieving the effect of “peak cutting and valley filling”. The surface defects were eliminated
and the coating becomes denser. The large WC particles were elongated and fractured
along the deep rolling direction, and then flowed and dispersed between the coatings with
the coating structure.

(2) After HT + UDR treatment, the coating underwent grain refinement and work harden-
ing to improve the hardness of the coating. The microhardness of HT + UDR + 0.25 mm was
the highest. The residual tensile stress was transformed into residual compressive stress.

(3) After Ni-WC coating HT + UDR, more hard phases, such as WC, were exposed on
the surface, which played the role of “skeleton” in the wear process. When the preloading
depth was 0.25 mm, the tribological properties of the coating after HT + UDR treatment
were the best.
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Abstract: In order to improve the high-temperature oxidation resistance of Ti60 alloy, a Ti-Hf-Mo-Ta-
Nb-B composite coating was prepared on Ti60 alloy with Ti, Hf, Mo, Ta and Nb powder and B powder
as raw materials using laser cladding. The microstructure and oxidation behavior of the coating
before and after oxidation at 1100 °C x 120 h in static air were studied with XRD, SEM, EDS and
isothermal oxidation techniques. The results show that the coating was mainly composed of six
phases, (TiO,2Hf0.2MOO,2TaO.2 Nb()'z)Bz, TiB, HfBQ, MO4'00 B3.40, TiHf and Hf1.86M00414. The hlgh-
temperature oxidation of the coating and Ti60 alloy followed parabolic law, and the oxidation weight
gain rate of the coating after 110 °C x 120 h was only 1/4.8 of that of the Ti60 alloy. The improvement
of the high-temperature oxidation resistance of the coating may benefit from high-temperature
oxidation resistance (TigHfg» Mog2Tag2Nbg2)B,, HfB, and TiB boride ceramic phases.

Keywords: laser cladding; Ti60 alloy; high-entropy borides; high-temperature oxidation

1. Introduction

Ti60 alloy is a kind of near « type high-temperature titanium alloy designed for a long-
term service temperature of 600 °C. The alloy is based on Ti-Al-Sn-Zr and adds a certain
amount of Ta-Nb-Mo and other elements. The alloy is made into a heat-strength titanium
alloy with multiple composite strengthening, which integrates fine crystal strengthening,
solid solution strengthening and second phase (o, and silicide) dispersion strengthening.
It has a good match of high oxidation resistance, thermal strength and thermal stability
at working temperature [1]. However, at a long-term oxidation temperature of more than
700 °C, not only does the alloy form a thick oxide layer on the surface, the peeling of oxida-
tion products also leads to poor long-term oxidation resistance of the Ti60 alloy. At the same
time, the surface layer of the alloy also has a microstructure transformation due to the entry
of oxygen, forming an embrittlement layer [2]. In order to improve the application of Ti60
alloy at higher temperatures, as early as 1998, Liu et al. [2] used vacuum cathode ion plating
equipment to deposit the NiCrAlY coating on the Ti60 alloy and observed its oxidation
behavior at 700 °C x 1000 h, as well as the protective effect of the NiCrAlY coating at differ-
ent thicknesses. The results show that the NiCrAlY coating can inhibit the oxidation of Ti60
alloy caused by titanium diffusion from inside to outside, and the oxidation resistance
of the NiCrAlY coating can meet the requirements of long-term use at 700 °C. In the same
year, Tang et al. [3] studied the effects of sputtering Al, NiCrAl, TiAl, TIAICr and reactive
sputtering Al,O3 coatings on the oxidation resistance of Ti60 alloy, and the results show
that sputtering pure Al, Ti-36Al, Ni-16Cr-2.5Al and reactive sputtering Al,O3 coatings
can improve the oxidation performance of Ti60 alloy by 2—4 times at 700 °C x 100 h and
800 °C x 100 h. In 2004, Xiong et al. [4] studied the effect of an ultra-fine special enamel
coating on the oxidation performance of Ti60 alloy at 800 °C x 100 h. The results show
that the oxidation rate of the coating is about 0.8 mg /cm?, which is 10 times higher than
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that of the substrate. In 2010, Li et al. [5] studied the high-temperature oxidation behavior
of Ni-Co-Cr-Al-Y-Si coating deposited on Ti60 alloy with cathodic multi-arc ion plating
at 600 °C, 650 °C and 750 °C x 120 h, and the results show that the Ni-Co-Cr-Al-Y-Si
coating improves the oxidation resistance of Ti60 alloy at 600 °C, 650 °C and 750 °C by
13 times, 8 times and 1.5 times, respectively. In the same year, Yan et al. [6] used arc ion
plating technology to deposit Ti-48Al-12Cr coating on Ti60 alloy and carried out isothermal
oxidation of the coating at 900 °C, but no experimental results for isothermal oxidation
of Ti60 alloy at the same temperature were reported. The results show that a continuous
and dense Al,O3 protective oxide film was formed on the surface of the coating; no cracks
appeared under the oxide film and the coating remained intact. In 2017, Chen [7] pre-
pared NiCrAlYSi coating on Ti60 alloy using cathodic multi-arc ion plating technology
and confirmed that after oxidation at 600 °C and 650 °C x 120 h, it had a good antiox-
idant protection effect, and the oxidation performance was increased by 13 times and
6 times, respectively. However, a titanium element was found in the oxide skin at 800 °C.
This indicates that the oxygen in the environment can pass through the coating and oxidize
with the substrate, and the oxidation resistance of the coating at this temperature was only
1.5 times higher than that of the substrate.

It can be seen from the above that the highest temperature of the high-temperature
anti-oxidation coating prepared on Ti60 alloy reported in the literature does not exceed
900 °C, and although there are many literature reports [8—12] on the preparation of high-
temperature oxidation-resistant coatings on the surface of different titanium alloys, such
as TA2 [8], TA15 [9] and TC4 [10-12], using laser cladding, there is no literature report
on the preparation of high-temperature anti-oxidation coating resistant to 1100 °C on Ti60
alloy. The melting point of titanium is 1668 °C, the boiling point is 3260 °C, and the density
is 4.5 g/cm3, which has a wide range of uses in the aerospace field. With the increase
in the thrust-to-weight ratio, the pursuit of titanium alloys with higher temperature resis-
tance has become the research goal of scientists. Although scientists are studying TiAl-based
alloys at 900 °C and Nb-TiAl-based alloys above 1000 °C, both of them have the disadvan-
tages of low room temperature plasticity and difficult processing [13]. These cannot be
solved in the short term, and we still need to greatly improve their oxidation resistance
temperature via coating modification technology.

On the other hand, high-entropy borides are formed with a solid solution of five
or more single-component diborides, usually forming an AlB, hexagonal structure with
an alternating two-dimensional boron network and a high-entropy cation layer. Due to their
excellent high-temperature oxidation resistance and mechanical properties [14], they have
been a subject of wide concern throughout the world, and their structure schematic diagram
is shown in Figure 1.

Rigid
2D Boron Net

High-Entroipy
J[’Y «<— 2D Layers of
Metal Cations

Figure 1. Structure schematic diagram of the high-entropy borides.

The two-dimensional high-entropy metal layers are separated by a rigid two-dimensional
boron network without any significant stratified segregation between the metal atomic layers
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perpendicular to the C-axis, and M-B bonds have mixed ionic and covalent bond properties.
In the two-dimensional metal layer, M-M bonds are significantly affected by the stronger B-B
bonds formed by the rigid boron network. This unique structure makes the hardness and
oxidation resistance of high-entropy borides better than the average performance of five
single metal diborides prepared via the same process. Mayrhofer et al. [15] reported that
(Zro23V0.14Tip 20 Tag 24Hfp 19)By high-entropy boride coating at 1500 °C still has thermal
stability, not breaking down into two-boride, and the coating hardness at 1500 °C is
for at least 36 GPa after annealing. However, when the temperature is greater than 1100 °C,
the affinity of the coating for oxygen is also high, showing significant boron loss and
oxygen absorption, thus limiting its thermal stability, which is also the reason why 1100 °C
was used as the isothermal oxidation temperature in this paper. Kirnbauer et al. [16]
reported that (HfTaVWZr)B, coating still maintains a single-phase structure at 1200 °C,
and the high-entropy borides decompose into a very small amount of (HfTaZr)B, and
(VW)B, at 1400 °C, most of which are still single-phase solid solutions, with the mechanical
properties almost unchanged. Zhang et al. [17] reported that (Hfy 25Zr¢ 25Tip 25C10.25)B2-
SiC-Si coating can protect the C/C matrix from oxidation for more than 205 h at 1700 °C,
which is mainly due to the formation of a dense and stable Hf-Zr-Ti-Cr-5i-O oxide layer.
Up to now, there have been limited reports on high-entropy boride coating, especially
the study of the oxidation properties of high-entropy boride composite coating prepared
with laser cladding at high temperature. In this paper, Ti, Mo, Hf, Ta and Nb pure metal
powder was mixed with amorphous B powder, and an in situ reaction occurred under
the action of a laser heat source so as to synthesize a high-entropy boride composite
coating containing high-temperature oxidation resistance, aiming to improve the oxidation
resistance of Ti60 alloy at higher temperatures. The oxidation behavior of the composite
coating at 1100 °C in static air was studied.

2. Materials and Methods

The base material was Ti60 alloy with a size of 100 mm x 50 mm x 5 mm, and its
composition is shown in Table 1. First, equal molar Ti, Mo, Hf, Ta and Nb metal powder
with a purity of 99.9 wt.% and amorphous B powder with a purity of 99.99 wt.% were
mixed evenly using a grinding machine. Then, 4 wt.% PVA solution was used as a binder
to preset the mixed powder on the surface of the Ti60 alloy. The thickness of the preset
powder layer was about 1.5 mm. The ratio of mixed powder is shown in Table 2.

Table 1. Main chemical compositions of Ti60 alloy.

Element Al Sn Zr Mo Nb Ta Si C Ti
Wt%  5.0-6.3 3.0-5.0 2.5-7.0 0.2-1.5 0.2-1.0 0.2-3.0 0.2-0.55 0.01-0.09 Bal.

Table 2. Ratio of preset powder layer.

Element Ti Hf Mo Ta Nb B
Wt.% 6.80 25.36 13.57 25.71 13.20 15.36

The Raycus RFL-C6000 fiber laser (Wuhan Raycus Fiber Laser Technology Co., LTD,
Wuhan, China) was used for laser cladding, and argon was used to protect the cladding
process. The laser cladding process parameters were as follows: the laser power was 2600 W,
the spot diameter was 4.5 mm, the laser scanning speed was 8 mm/s, the laser spot overlap
rate was 30%, the argon purity was 99.99% and the pressure gas flow rate was 15 L/min.
After laser cladding, the coating and Ti60 alloy were wire-cut to 9 mm X 9 mm X 5 mm
for XRD and SEM and 9 mm x 9 mm x 1.2 mm for high-temperature oxidation. The phases
of the coating and Ti60 alloy before and after oxidation were analyzed using an X 'Pert PRO
X-ray meter (XRD) produced by the PANalytical Company in Almelo, Newtherlands. The
morphologies and compositions of the coating and Ti60 alloy before and after oxidation
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were observed using a JSM-7600F scanning electron microscope (SEM) produced by JEOL
Company in Tokyo, Japan, equipped with energy disperse spectroscopy. The corrosion
reagent used was HF:HNO;3:H,O = 1:1:3. Using the static air oxidation weighing method,
the coating and Ti60 alloy were put into different crucibles, and the isothermal oxidation
experiment was carried out for 120 h in the Muffle furnace at 1100 °C. Among them,
each high-temperature oxidation weight gain experiment was carried out three times,
and the average value of the three times was taken as the oxidation weight gain value
under each oxidation time. The M1210 1200 °C box furnace produced by Henan Chengyi
Equipment Technology Co., Ltd (Zhengzhou, China). and the Swiss Mettler Toledo XS105
Dual Range (Mettler Toledo, Zurich, Switzerland) analytical balance with an accuracy
of 0.1 mg were used in the oxidation experiment.

3. Results and Discussion
3.1. Microstructure

Figure 2 shows the XRD pattern of the laser cladding coating. As can be seen from the figure,
the coating was mainly composed of seven phases, (Tip2Hfy>Mog>Tag2Nbg 2)B,, HfB, (JCPDS
96-151-0712), TiB (JCPDS 96-900-8947), Moy o0 B340 (JCPDS 96-434-3334), TiHf (JCPDS 96-152-
3026), Hf; gsMoyg 14(JCPDS 96-152-2717) and TiO, (JCPDS 96-900-4145). The existence of the TiO,
phase was mainly due to the involvement of oxygen in the air during the laser cladding process.
The diffraction peak positions of the (TipoHfg Moy, Tag2Nbg,)B, phase are consistent with
what was reported in the literature [18]. Under the action of the laser, the melted mixed powders
were mixed with the partially melted Ti60 matrix to form a laser melt pool, and various borides
and intermetallic compounds were generated via in situ reaction. The following reactions may
occur in the laser melt pool:

0.2Ti + 0.2Mo + 0.2Hf + 0.2Nb + 0.2Ta + 2B = (Tio.zMOO.szo‘zTao.szo.z)Bz (1)

Hf + 2B = HfB, )
Ti + Hf = TiHf 3)
1.86Hf + 0.14Mo = Hf; gsMoy 14 4)
Ti+ B = TiB 5)
4.00Mo + 3.40B = Moy 00B3 49 (6)
Ti + O, = TiO, 7)
1400+
1TiO,
1200+ s ¢ 2(Tij,MogHf, Ta, N, )B,
2 3HfBZ 4Hf”§(’Mo014
> 1000 - STillf 6TiB 7M04-0Bu
§ 800 b “
‘? 6001 l JNG I \1 6 % e 154
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Figure 2. XRD pattern of laser cladding coating.
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In addition, Figure 2 shows that in addition to the designed (Tip,Hfp>2MogTag 2
Nby»)B, phase, the coating also generated HfB,, Hfj gsMoy 14, TiHf, TiB, Mog4,0oB3 40 and
TiO,. According to the different intensity of the strongest diffraction peak of each phase,
the semi-quantitative content of each phase in the coating can be calculated by using
the XRD-K value method reported by Zheng et al. [19]. That is, the ratio of the mass
fraction of phase i and phase j in the coating is calculated according to Formula (8):

wi o W/A-Wo) g/
W, T WI-Wo 1/

®)

where W/ and W! represent the mass fraction of phase i and phase j, respectively;
1

W, represents the mass fraction of the added standard material, such as Al,O3; I; and
[; represent the 20 diffraction intensity corresponding to the strongest diffraction peak

of the i and j phases, respectively; and K! and K., represent the reference intensity values
(RIR values) of the i and j phases, respectively.

The strongest diffraction peaks of the TiO,, (Ti2Hfy2Mog2Tag 2Nby 2)By, HB,, Hfj g6Mog 14,
TiHf, TiB and Moy 09B3.40 phases were (110), (101), (101), (011), (101), (111) and (101), respectively.
The corresponding RIR values were 3.5, 9.56, 15.36, 32.23, 14.93, 1.85 and 5.94, respectively.
According to Formula (8), the mass fractions of each phase in the coating are 5.91%, 29.27%, 6.10%,
2.65%, 9.07%, 34.23% and 12.77%, respectively. That is to say, TiB and (Tip o Hfg » Mog 2 Tag2Nbg 2)B,
are the two main generation phases.

Figure 3 shows the overall morphology of the laser cladding cross-section coating.
It can be seen from the figure that there are no obvious defects, such as pores and cracks,
in the laser cladding coating. The interface of the coating and the Ti60 matrix are well
combined. The thickness of the coating is about 1.6~2.4 mm.

/
Y/

’
100pm HUST 3/8/2023
WD 23.0mm 11:12:01

Figure 3. Overall morphology of laser cladding cross-section coating.

Figure 4 shows the SEM amplified morphology at different zones in Figure 3. It can
be seen from Figure 4 that the laser cladding coating is mainly composed of a whisker
or prismatic microstructure. Due to the effect of convection mass transfer during laser
cladding, there is no significant difference in the morphology of different parts of the molten
pool. From the combination of the EDS results in Table 3 and the XRD calibration re-
sults in Figure 2, it can be roughly speculated that the phase formation process is as fol-
lows: in the process of solidification, first of all, the HfB, (melting point 3380 °C) and
(TipoHfp2Mog 2Tag2Nbg 2)B, (melting point 3006 °C) phases with high melting points are
solidified from the liquid phase; as the temperature of the molten pool decreases, TiB
(melting point 2227 °C), TiHf, Moy g0B3 .40 and Hf; ggMog 14 with low melting points are
solidified successively from the remaining liquid phase. The specific formation mechanism
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needs to be further studied in the future. One of the more interesting facts is the formation
process of whisker or prismatic structure TiB: as TiB has a B27 structure, it grows faster
in the direction (010) than in other directions, and it is easy to form a whisker or pris-
matic structure [20], which plays a role in the strengthening phase in the coating [21].
The structure morphology of TiB in Figure 4 is consistent with reports in the litera-
ture [22,23]. Moreover, as the (001) plane grows at the fastest rate, it cannot form a crystal
plane, and the remaining (100), (101) and (101) crystal faces are the sides of TiB, so the cross
sections of whisker-like or prismatic structures are mostly hexagonal [21].

Figure 4. SEM-amplified morphology of different zones in Figure 3: (a) surface zone A. (b) Middle zone
B. (c) Interface zone C.

Table 3. EDS results of different points in Figure 4 (at.%).

Element Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7 Spot 8 Spot9 Spot 10
Ti 12.45 11.43 11.20 12.54 12.09 18.51 15.65 20.09 21.17 19.51
Hf 0.20 0.13 0.13 0.73 0.62 0.27 0.10 0.44 0.26 0.29
Mo 0.90 1.26 0.77 0.61 0.96 0.50 0.74 1.20 1.57 141
Ta 1.72 1.54 2.13 1.24 1.21 1.27 1.01 0.94 2.08 0.83
Nb 1.03 1.06 1.04 1.02 1.07 0.95 1.19 1.23 1.08 1.06
B 83.70 84.58 84.73 83.86 84.05 78.50 81.31 76.10 73.84 76.90

TiB + TiB + TiB + TiB + TiB + TiB + TiB + TiB + TiB + TiB +

Possible  (TigpoHfon  (TigoHfoo  (TigoHfon  (TipoHfoo  (TipoHfoo  (TiooHfon  (Tio2Hfor  (Tig2Hfon  (TigaHfoo  (TigaHfoo

phases MogsTags  MogoTag,  MogaTags  MogaTags  MogoTag,  MogaTag,  MogaTaga  MogoTag,  MogaTag,  MogaTago

Nby2)B> Nby2)B> Nby)B> Nby)B> Nby)B2 Nby.2)B2 Nby2)B> Nby.2)B> Nby2)B Nby2)B>

In addition, the size of the TiB formed at the bottom of the molten pool is small,
which is due to the large temperature gradient near the bottom of the molten pool [24].
When the temperature drops to room temperature, the coating finally forms the TiB mixed
structure with a whisker or prismatic structure as the main body.

3.2. High-Temperature Oxidation Properties

Figure 5 shows the oxidation weight gain curve of the laser cladding coating and Ti60
matrix after different oxidation times in the air at 1100 °C. The figure shows that the oxida-
tion resistance of the laser cladding coating is superior to the Ti60 matrix.
The reason may be related to the fact that the coating contained high-temperature ox-
idation resistance (Tig 2Hfy>Mog,Tag 2 Nbg2)B,, HfB; and TiB phases (Figure 2); the max-
imum oxidation gain rates of the laser cladding coating and the Ti60 matrix were 54.79
mg/ cm? and 262.92 mg/ cm?, respectively. That is, the high-temperature oxidation resis-
tance of the laser cladding coating was about 4.8 times that of the Ti60 matrix. It should
be noted that, although the literature [25] reported that the oxidation weight gain rate
of single-phase (Tip ,Hfy 2Mog2Tag» Nbg)B, prepared with SHS-SPS technology was about
2 mg/cm? at 1200 °C x 5 h in air, and the oxidation weight gain rate was lower than that
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of the laser cladding coating (8.7 mg/cm? at 1100 °C x 5 h in air, Figure 5) in this paper,
the possible reason is that the content of (Tig2Hfp»2MogTag > Nbg2)B; in the laser cladding
coating was only 29.27%, and the content of the oxidation resistance test samples used
in the literature [25] was 100%.
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Figure 5. Oxidation weight gain curves of laser cladding coating and Ti60 matrix after oxidation
at 1200 °C at different times.

In addition, it can be seen from Figure 5 that the oxidation weight gain of the Ti60
matrix at 1100 °C mainly occurred in the first 50 h. At a high temperature of 1100 °C,
Ti in the Ti60 matrix was rapidly oxidized to form loose TiO; so that oxygen in the air
could continue to diffuse into the internal matrix, resulting in continuous oxidation and
weight gain of the Ti60 matrix. However, after more than 50 h, the oxidation and weight
gain of the Ti60 matrix had stopped, indicating that the Ti60 matrix had been basically
completely oxidized. This is evidenced by the fact that there were only thin yellowish sheets
in the crucible (Figure 6). The oxidation weight gain of the laser cladding coating at 1100 °C
reached the highest value after 80 h, and after more than 80 h, the oxidation weight gain
of the laser cladding coating basically stopped, indicating that the oxidation of the laser
cladding coating entered a stable equilibrium state but was not completely oxidized, which
could be demonstrated by the large pieces of unoxidized coating in the crucible (Figure 7a).
Figure 7b is a macroscopic photo of the laser cladding coating oxidized for 120 h. It can be
seen that there are still large pieces of unoxidized coating, that is, the laser cladding coating
can withstand oxidation at least at 1100 °C x 120 h.

Figure 6. Photo of Ti60 matrix oxidized at 1100 °C x 60 h.
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(a) 80 h (b) 120 h

Figure 7. Photo of laser cladding coating oxidized at 1100 °C for different times: (a) 80 h; (b) 120 h.

Table 4 shows the oxidation rate constant k and oxidation weight gain index n
of the laser cladding coating and Ti60 matrix, respectively, calculated by fitting the modified
Wagner Formula (9). As can be seen from Table 4, the oxidation weight gain indexes n
of the laser cladding coating and the Ti60 matrix after oxidation at 1100 °C for different
times are 0.5833 and 0.8921, respectively, both of which are less than 1 and are power
functions of the transverse parabola; that is, the oxidation kinetics curves of both of them
follow parabolic law. Among them, the oxidation law of the Ti60 matrix is consistent with
the result of the oxidation kinetics curve of Ti60 alloy at 650~750 °C reported by Jia et al. [26].
The oxidation rate constant k (3.9907) of the laser cladding coating is significantly lower
than that of the Ti60 matrix (10.585); that is, the laser cladding coating always maintains
a low oxidation rate during the whole high-temperature oxidation process.

Am;/S = kt" )

where Amt/S is the oxidation gain per unit area, k is the oxidation rate constant, n is
the oxidation gain index and t is the oxidation time.

Table 4. Kinetics curve fitting of laser cladding coating and Ti60 matrix at 1100 °C for different
oxidation times.

Oxidation Rate Oxidation Mass s .
Samples Constant (k) Gain Index (n) Oxidation Time (h)
Ti60 matrix 10.585 0.8921 0-60
Coating 3.9907 0.5833 0-120

Since the oxide film of the Ti60 matrix is characterized by layer-by-layer peeling
during the oxidation process (Figure 6), we tested the XRD pattern of the outer surface
and the inner surface of the Ti60 matrix after oxidation at 1100 °C x 60 h (Figure 8).
As can be seen from Figure 8, the outer surface of the spalling oxide film layer consists
of two phases, TiO, (PDF 96-153-4782) and srilankite ZrTiO4 (PDF 96-901-0851). The inner
surface is three phases of rutile TiO, (PDF 96-900-9084), ZrTiO4 (PDF 96-901-0851) and
Al,O3 (PDF 96-900-9682). According to Formula (8), the mass fractions of the TiO, and
ZrTiO4 phases on the outer surface are 91% and 9%, respectively. The strongest diffraction
peaks of TiO; and ZrTiOy4 are (110) and (111), respectively, and the corresponding RIR
values are 3.74 and 6.43, respectively. The mass fractions of TiO,, ZrTiO4 and Al,O3
on the inner surface are 61.07%, 4.06% and 34.87%, respectively. During the calculation,
the strongest diffraction peaks of TiO,, ZrTiO4 and Al,O3 were (110), (111) and (116),
respectively, and the corresponding RIR values were 3.74, 6.43 and 1.05, respectively.
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Figure 8. XRD patterns of the inner and outer surfaces of Ti60 matrix at 1100 °C x 60 h: (a) outer surface,
(b) inner surface.

Figure 9 shows the SEM morphology of the outer surface and inner surface of the Ti60
matrix shedding oxide film. As can be seen from Figure 9a, the outer surface of the oxide
film is composed of massive large particles + dispersed white small particles.
Combined with the results of EDS (Table 5) and XRD (Figure 8a), it can be seen that
the massive particles are TiO,, which come from the oxidation of Ti (Table 1) in the Ti60
matrix, that is, Ti + O, = TiO,. The small white particles are srilankite ZrTiO4, which may
be due to the reaction of Zr and Ti in the Ti60 matrix with O, in the air at 1100 °C, that is, Ti
+ Zr + 20, = ZrTiO4, but the content is less (9%). Instead, Ti and Zr in the Ti60 matrix first
react with O, in the air to produce TiO; and ZrO,, respectively, and then TiO, reacts with
ZrO, to produce ZrTiOy4 (TiO; + ZrO, = ZrTiO4) because the free energy of Ti + Zr + 20,
= ZrTiO; is the lowest according to the reaction formula (Figure 10). It is easiest for this
reaction to proceed.

Table 5. EDS results of different points on the inner and outer surfaces of Ti60 oxide film (at.%).

Element Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6
Ti 28.59 16.30 32.23 1.24 8.04 24.20
Zr 12.70 11.44 13.40 8.81 13.70 12.52
Mo 0.54 1.04 2.00 0.99 0.78 0.92
Sn 0.12 0.29 0.13 - 0.43 -
Nb - - - - 0.16 -
Al - - 2.96 21.40 16.26 -
O 58.05 70.93 49.28 67.56 60.63 62.36
Possible TIOZ + 7+TiO. TIOZ + A1203 + ZI'TIO4 + TIOZ +
phases ZrTiOy 4 ZrTiOy ZrTiOy Al,Os ZrTiOy

It can be seen from Figure 9b—d that the inner surface of the oxide film is massive
particles + rock sugar-like particles. Combined with the results of EDS (Table 5) and
XRD (Figure 8b), it can be seen that the massive particles are mainly TiO,, which comes
from the oxidation of Ti (Table 1) in the Ti60 matrix, that is, Ti + O, = TiO;. The bulk
particles of rock sugar are mainly Al,O3, which comes from the oxidation of Al in the Ti60
matrix (Table 1), that is, 4Al + 30, = 2A1,03. In addition, a small amount of srilankite
ZrTiOy is also produced (4.06%, Table 1).

Figure 11 shows the cross-section SEM morphology of the oxide film layer of the Ti60
matrix after oxidation at 1100 °C x 60 h. As can be seen from Figure 11, Table 6 and XRD
(Figure 8), the thickness of the shed oxide film is about 320~380 pm. The content of the Al
element near the upper (outer) surface of the oxide film is less, while the content of the Al
element near the lower (inner) surface of the oxide film is relatively more. There are two
phases of TiO, + ZrTiOy in the oxide film layer near the upper (outer) surface and three
phases of TiO, + ZrTiO4 + Al;O3 in the oxide film layer near the lower (inner) surface.
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This oxidation product indicates that the Ti60 matrix follows the selective oxidation theory
at 1100 °C; that is, under the condition of high-temperature oxidation, Ti and Zr elements
diffuse outward and preferentially form ZrTiO4 and TiO; (in excess of Ti) on the sur-
face layer. Because their Pilling-Bedworth volume ratios y are 3.16 and 1.95, respec-
tively, both of which are greater than 1, the oxide films of ZrTiO4 and TiO; have integrity.
However, because the y value of ZrTiOy is too large, the internal stress of the films is large,
and the films are prone to rupture and lose protection or have poor protection, which can
be demonstrated by the numerous cracks in Figure 11. However, the Al element diffused
slowly and was enriched at the interface between the ZrTiOy4 + TiO, oxide film and the Ti60
matrix, oxidizing to form Al,O3. As the Pilling-Bedworth volume ratio y of Al,O3; was

1.28, the A, O3 film had integrity.
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Figure 9. SEM morphology of the inner and outer surfaces of Ti60 matrix after oxidation at 1100 °C
x 60 h: (a) outer surface, (b) inner surface, (c¢) local magnification of Area 1 in Figure 9b,
(d) local magnification of Area 2 in Figure 9b.
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Figure 10. Free energy—temperature curves of different reactions.
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Figure 11. SEM images of the oxide film cross-section layer of Ti60 matrix after oxidation at 1100 °C
x 60 h: (a) whole, (b) local amplification of zone A, (c) local amplification of zone B.

Table 6. EDS results of Ti60 oxide film at different points (at.%).

Element Spot1 Spot 2 Spot 3 Spot 4 Spot 5

Ti 25.25 21.53 40.6 33.15 25.51

Zr 20.1 15.75 16.47 18.36 16.27

Mo 1.13 1.27 0.92 2.17 1.47

Sn 0.19 - 0.66 0.92 0.49

Nb - - - - 0.69

Al - 1.08 1.76 2.63 1.86

O 53.33 60.37 39.59 42.77 53.71
Possible Ti02 + TiOZ + A1203 + TiOZ + A1203 + Ti02 + A1203 + TiOZ + A1203 +
phases ZrTiOy ZrTiOy ZrTiOy ZrTiOy ZrTiOy

It should be pointed out that the protection of the oxide film depends not only on the in-
tegrity of the oxide film, but also on the melting point of the oxide film, the density of the ox-
ide film, the thermodynamic stability of the oxide film, the adhesion of the oxide film,
the thermal expansion coefficient of the oxide film, the stress in the oxide film and other fac-
tors. Therefore, with the increase in the oxide film thickness, the internal stress of the oxide
film increases, and the thermal expansion coefficient of the oxide film is different from that
of the matrix, which easily cracks and falls off. Once this happens, the external oxygen
can contact the internal unoxidized matrix and selective oxidation occurs again, repeat-
ing the above process. Figure 12 shows the schematic diagram of the oxidation process
of the Ti60 matrix.

Figure 13 is the XRD pattern of the laser cladding coating after air oxidation at 1100 °C
x 120 h. It can be seen from the figure that the laser coating after oxidation is mainly com-
posed of four phases, TiO, (PDF 96-900-4143), HfO, (PDF 96-154-5065), TayOs
(PDF 96-210-2125) and Nb,Os (PDF 96-152-8679). This is consistent with what has been
reported in the literature [17,27,28]. However, no diffraction peaks of MoO3 and B,O3 were
found, which may be due to the evaporation of MoO3 and B,O3 generated during the oxi-
dation process of the laser cladding coating surface because the melting points of MoO3 and
B,0O3 are 795 °C and 450 °C, respectively, and the boiling points are 2065 °C and 1155 °C,
respectively. It can be seen that MoOj3; and B,O3 generated during the oxidation process
were liquid at the oxidation temperature of 1100 °C but did not reach the boiling point, so
there was evaporation. On the other hand, the melting points of TiO,, HfO,, Ta;O5 and
Nb;,Os are 1843 °C, 2774 °C, 1785 °C and 1512 °C, respectively, which are all higher than
the oxidation temperature of 1100 °C, so they could be retained after oxidation.

49



Coatings 2023, 13, 1646

TiO, and ZrTiO,—,

Ti-rich layer—s l B Loty ] ]

0, 0, 0, 0,

FroT [T

-

TiO, and ZrTi84_, TiO, and Zr"ll'i84_,
A Al O, — Teoereessas——
Créck‘/;-—————— Crz-xcli/

Figure 12. Schematic diagram of oxidation process of Ti60 matrix.
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Figure 13. XRD pattern of laser cladding coating after air oxidation at 1100 °C x 120 h.

The laser cladding coating is mainly composed of seven phases, TiO,, (Tig,Hfg>Mog
TaO.szo'z)B2 ’ HfB2 ’ Hf1'86M00.14, Tle, TiB and MO4.00B340 (Flgure 2), therefore, the Coating

may react as follows during the air oxidation process:

(Tip2Mog 2 Hfg2Tag,Nbg2)Ba(s) 4 2.702(g)

= 0.2TiO, (S) + 0.2MoQOj3 (1) + 0.2HfO, (S) 4+ 0.1Nb,Os (S)

40.1TayOs (S) + B,O3 (1)

HfB,(s) + 2.50,(g) = HfO(s) + B,05(1)
TiHf(s) 4+ 20;(g) = TiOx(s) + HfOx(s)
Hf; 56Mog 14(8) + 2.0705(g) = 1.86HfO,(s) + 0.14MoOj3(1)
TiB(s) + 1.750,(g) = TiOx(s) + 0.5B,05(1)
Moy 0B 4() + 8.550,(g) = 4MoO; (1) + 1.7B,05(1)

(10)

(11)
(12)
(13)
(14)
(15)

Figure 14 shows the relationship between the free energy and temperature of the partial
reaction equations with thermodynamic data. It can be seen from the figure that the free
energies of Equations (10), (11) and (14) are all negative at 1100 °C, that is, these reactions

can occur.
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Figure 14. Relationship between the free energy of different reactions and temperature.

In addition, the mass fractions of TiO,, HfO,, Ta,Os and Nb,Os calculated accord-
ing to Formula (8) are 55.72%, 1.81%, 32.12% and 10.35%, respectively. The strongest
diffraction peaks of TiO,, HfO,, TayOs and Nb,Os are (110), (111), (111) and (111), and
the corresponding RIR values are 3.62, 15.89, 6.28 and 3.43, respectively.

Figure 15 shows the SEM morphology of the surface of the laser cladding coating
after air oxidation at 1100 °C x 120 h. It can be seen from the figure that the oxidized
surface of the laser cladding coating is formed via the aggregation of dense fine particles
(Figure 15a), which is the same as the oxidized surface morphology of high-entropy ceram-
ics reported by Ye [29]. Combined with the results of EDS (Table 7) and XRD (Figure 13),
it can be seen that these fine particles are mainly composed of Ti-Hf-Ta-Nb-O polyphase
mixed oxides, which have a low oxygen diffusion rate and excellent high-temperature
stability. The porosity on the surface of the oxide layer may be due to the low melting point
of MoOj3 and ByO3 generated through oxidation at 1100 °C.

Figure 15. SEM morphology of the surface of laser cladding coating after oxidation at 1100 °C x 120 h:
(a) whole, (b) local magnification at Area 1, (c) local magnification at Area 2.

Table 7. EDS results of oxidized surface of laser cladding coating at different points (at.%).

Element Spot 1 Spot 2 Spot 3 Spot 4

Ti 38.89 17.43 26.84 18.60

Hf 2.07 0.62 1.34 0.22

Mo - - - -

Ta 253 1.01 157 -

Nb 2.01 1.04 1.05 -

0 54.50 79.90 69.20 81.18
I;O}f:;zlse TiO, + TagOs + HfO,  TiOp + TayOs + HfO,  TiO, + TayOs + HFO,  TiO, + HfO,
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Figure 16 shows the SEM morphology of the laser cladding cross-section coating after
air oxidation at 1100 °C x 120 h. It can be seen from Figure 16 and Table 8 that the laser
cladding cross-section coating presents an alternating situation of dense oxide layer and
loose inner oxide layer, and the loose inner oxide layer has fine particles and no B and
Mo elements. Among them, the dense oxide layer may be the reaction between the metal
elements in the laser cladding coating and the oxygen diffused inside the coating to produce
a dense Ti-Hf-Ta-Nb-Mo-B-O oxide layer, which has an excellent high-temperature protec-
tion effect and can effectively reduce the rate of oxygen diffusion to the inside of the coating.
However, with the extension of oxidation time, oxygen ions will eventually spread through
the dense oxide layer to the interior of the coating. Once the liquid B,O3 and MoO3 phases
generated by the oxidation of the internal coating cannot escape, a porous loose oxide layer
is formed at the subsurface layer.
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Figure 16. SEM morphology of laser cladding cross-section coating after air oxidation at 1100 °C

x 120 h: (a) whole, (b) local magnification at zone A, (c) local magnification at zone B, (d) local
magnification at zone C.

As we all know, the oxidation of laser cladding coating is essentially the oxidation
of various phases in the coating, and the different elements of phases have a significant
impact on the oxidation resistance of the coating [30]. In order to investigate the oxidation
possibility of each element in the laser cladding coating at 1100 °C, the free energy of each
element in the laser cladding coating reacting with O, was calculated as AG. Figure 17 shows
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the standard free energy AG—-temperature T curve of the reaction of each element with
O; in the laser cladding coating. It can be seen from the figure that the AG values of Ti,
Hf, Mo, Ta, Nb and B in the laser cladding coating are all negative when reacting with O,
at 1100 °C, indicating that they can be oxidized to their respective oxides. Liquid B,O3 and
MoO3 cannot become gaseous B,O3 and MoOs at 1100 °C, indicating that liquid B,O3 and
MoQOj3; run away via evaporation rather than vaporization.

Table 8. EDS results of laser cladding cross-section coating at different points after oxidation (at.%).

Element Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7
Ti 5.37 8.63 9.94 37.21 29.78 5.81 5.18
Hf 0.33 0.08 0.27 0.97 0.83 0.18 0.12
Mo 0.62 0.43 0.60 - - 0.58 0.36
Ta 0.18 0.20 0.20 1.08 0.82 0.06 0.15
Nb 0.17 0.21 0.27 1.24 0.87 0.08 0.12
B 80.30 7447 76.50 - - 82.80 88.19
O 13.03 15.98 12.22 59.50 67.70 10.49 5.88
. TiO, + TapOs + TiO, + TapyOs + . .
Possible 102+ 1205+ HIO, + NbyOs + HIO, + Nb,Os + TiO; + NbyOs + O, + TazOs g+ 10 B
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Figure 17. Standard free energy AG-temperature T curve of the reaction of each element with O,
in the laser cladding coating.

Figure 18 shows the schematic diagram of the oxidation process of the laser cladding
coating. In the initial oxidation stage of the laser cladding coating at 1100 °C, O, adsorbed
on the surface of the coating, and the elements of Ti, Hf, Ta, Mo, Nb and B in the coating
diffused outward and reacted with the O, diffused inside the coating to form high thermal
stability for TiO,, HfO,, TapO5, M0oO3, Nb,Os and B,O5 oxides. It formed a dense Ti-
Hf-Ta-Nb-Mo-B-O oxide layer with MoOj3 and B,Os in the coating. With the extension
of oxidation time, O%>~ ions will still spread through the dense oxide layer on the surface
to the interior of the coating and form the inner oxide layer. However, the thermal expansion
coefficient of different oxides is different from that of the unoxidized phase in the coating,
resulting in local cracking. Once this happens, the external oxygen can come into contact

with the internal unoxidized coating and the selective oxidation occurs again, repeating
the process.
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Figure 18. Schematic diagram of oxidation process of laser cladding coating.

In short, with the continuous increase in the thrust-to-weight ratio of aero engines,
the temperature of the compressor outlet continues to rise, and the urgent need for new high-
temperature titanium alloys with higher temperature resistance is put forward. For as long
as the problem of low ductility and toughness of Ti3Al, TipAINb and TiAl-based alloys
resistant to more than 600 °C has not been completely solved, the use of coating technology
to improve the service life of existing 600 °C high-temperature titanium alloys such as Ti60
alloy is a solution. In addition, high-entropy borides are a new class of high-temperature
and high-entropy materials that can withstand 1500 °C, discovered since 2016 [14]. If this
new high-temperature and high-entropy material can be applied to the surface of high-
temperature titanium alloy, it will certainly improve its high-temperature oxidation re-
sistance. Based on this idea, a composite coating containing (Tig »Hfy 2Mog 2Tag 2Nbyg 2) By
high-entropy borides was prepared on the surface of Ti60 alloy by using advanced laser
cladding technology. The experimental results also preliminarily confirmed the feasibility
of this technical scheme, but the question of how to prepare high-entropy boride coating
with a high content of (Tig,Hfy>Mog,Tag2Nbg 2)B, needs further research in the future.

4. Conclusions

(1) With Ti, Hf, Mo, Ta and Nb metal powder and B powder as raw materials, a com-
posite coating with 29.27% (Tig ,Hfp 2Mog » Tag 2Nby 2)B, high-entropy boride was prepared
on Ti60 alloys using laser cladding based on 2600 W laser power, 4.5 mm spot diameter,
8 mm/s laser scanning speed, 30% laser spot overlap rate, 99.99% argon purity and 15
L/min pressure gas flow rate. The coating was well combined with the substrate.

(2) The oxidation kinetics curves of both the laser cladding coating and the Ti60 matrix
followed parabolic law, but the oxidation resistance of the laser cladding coating at 1100 °C
was obviously better than that of the Ti60 matrix, and its oxidation rate was 1/4.8 of that
of Ti60 matrix; specifically, the maximum oxidation gain rates of the laser cladding coating
and the Ti60 matrix were 54.79 mg/cm? and 262.92 mg/cm?, respectively.

(3) The surface products of the Ti60 matrix after oxidation at 1100 °C and 60 h were
mainly TiO, and ZrTiO,4 phases, whose mass fractions were 91% and 9%, respectively,
while the surface products of the laser cladding coating after oxidation at 1100 °C and 120
h were mainly TiO,, HfO,, TayOs and Nb,Os phases, whose mass fractions were 55.72%,
1.81%, 32.12% and 10.35%, respectively.

(4) The successful preparation of Ti-Hf-Mo-Ta-Nb-B composite coating resistant to 1100 °C
will greatly improve the application ratio of Ti60 high-temperature titanium alloy in new advanced
aero engines for the purpose of weight reduction and increase in thrust-weight ratio.
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Abstract: Eutectic gallium—-indium (EGaln) is an ideal material for preparing flexible electrodes, but
its high surface tension poses a challenge during deposition and patterning. Herein, we propose a
laser-induced selective surface wetting technique (SSWT) to enable the facile and straightforward
fabrication of flexible finely and directly patternable EGaln liquid metal electrodes. Our proposed
technique selectively controls the wettability of EGaln by establishing a perfluorinated self-assembled
monolayer on a zinc oxide nanorod array to impart superhydrophobicity and then inducing specific
sites on the hydrophilized surface by ultraviolet (UV) pulsed laser ablation, thereby enabling fine
patterning (linewidth, ~50 pm). Surface analysis of the effect of laser ablation was also performed to
elucidate the mechanism of SSWT. The patterned EGaln liquid metal electrode fabricated by SSWT
exhibited superior flexibility, with a resistance change (AR/Rp) of only 18.6% compared with a Ag thin
film electrode, which showed a dramatic increase in AR/ R to nearly 500% after 50,000 folding cycles
at a peak strain of 2.5%. The simple and easily implementable liquid metal patterning technique
proposed in this study may potentially be applied in the field of wearable and stretchable electronics,
which requires extreme flexibility.

Keywords: liquid metals; eutectic indium gallium; pulsed laser ablation; patterning; ZnO nanorods;
self-assembled monolayer; flexible electrodes; cyclic bending fatigue

1. Introduction

Flexible electronics is an expanding research area that focuses on the creation of
electronic devices capable of being bent, twisted, or stretched without impeding their
functionality [1]. These unique capabilities enable new form factors, such as carrying in a
folded or rolled state or attachment to the body. Recently, the field of flexible electronics has
advanced to the point of mimicking human skin with bio-inspired robotic skin for sliding
tactile perception [2]. Maintaining device performance under stress from deformation is a
critical aspect of flexible device design. All device components must possess flexibility and
the ability to distribute the stress caused by deformation to ensure device durability after
mechanical deformation. The application of brittle materials to flexible device components
can result in damage and breakdown owing to stress during deformation [3]. Liquid metals
offer an attractive alternative to rigid materials for flexible electrodes. These metals can
remain in a liquid state at room temperature because their melting points are below or near
room temperature. This state provides liquid metals with unique advantages over other
metals, such as the ability to flow, bend, and reform at room temperature [4]. However,
their use is limited to specific applications owing to the inherent radioactivity of cesium,
the high instability of francium and rubidium, and the toxicity of mercury [5].

Fortunately, unlike other liquid metals, eutectic gallium—-indium (EGaln) alloy does
not have such limitations. The conductivity of EGaln (¢ = 3.4 x 10° S m~!) is comparable
with that of other metals [6]. Thus, EGaln not only exhibits high electrical conductivity but
also withstands folding and stretching stress, rendering it ideal for use as a flexible electrode
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material on account of its outstanding features. Chen et al. reported self-healing, robustly
conductive, and stretchable conductors by embedding EGaln liquid-metal patterns within
an imprintable self-healing elastomer [7]. EGaln is an ideal material for flexible electrodes,
but its high surface tension poses a challenge during deposition and patterning. Several
methods, such as direct inkjet printing, photolithography, injection molding, and stamp
lithography, have been proposed to control the patterning of EGaln liquid metals [8-13].
However, these methods have limitations when applied to actual production owing to
factors such as time consumption, low resolution, and complexity. Jiang et al. reported
the direct patterning of EGaln liquid metal by inducing selective wettability differences
via a laser ablation process; however, the authors did not perform a surface analysis of
the effects of the laser ablation process and did not show the realization of fine linewidths
below 50 um [14].

Herein, we present a cost-effective, easily customizable, and direct patterning approach
for liquid EGaln via a selective surface wetting technique (SSWT). A superhydrophobic
surface was created by establishing a fluorine-containing self-assembled monolayer (SAM)
on a zinc oxide (ZnO) nanorod array using a straightforward hydrothermal synthesis
method under atmospheric conditions. Because the ZnO nanorods react favorably to
ultraviolet (UV) light, a UV pulsed laser can selectively hydrophilize the surface. Thereafter,
EGaln was brushed onto and effectively coated on the selectively hydrophilized surface.
We demonstrate that EGaln liquid metal can form micropatterns with fine linewidths of as
low as 50 um. Furthermore, the EGaln liquid metal patterned electrode displayed superb
flexibility after 50,000 cycles of folding fatigue.

2. Materials and Methods
2.1. Materials

A 1-mm-thick soda-lime glass slide (Paul Marienfeld, 1000412, Berlin, Germany) and
a 50-pum-thick polyethersulfone film (PES, SU30-FM-000150, GoodFellow, Huntingdon, UK)
were used as substrates. Zinc acetate dihydrate (99.999%, Sigma-Aldrich, St. Louis, MO,
USA) and 1-propanol (99.5%, Sigma-Aldrich) were used as the solute and solvent, respec-
tively, for the ZnO seed coating solution. Zinc nitrate hexahydrate (98%, Sigma-Aldrich)
and hexamethylenetetramine (99.5%, Sigma-Aldrich) were used for ZnO growth. For su-
perhydrophobic surface treatment, 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTES,
98%, Sigma-Aldrich), butylamine (99.5%, Sigma-Aldrich), and toluene were used as the self-
assembling molecules, catalyst, and SAM solution solvent, respectively. Diiodomethane
(DIM, 99%, Sigma-Aldrich) was used to calculate the surface energy (-ys) from the droplet
contact angles of the hydrophilized surfaces. EGaln electrodes were purchased from
MIDAS (Seoul, Korea) and used as conductive electrodes (Ga:In = 75.5:24.5 wt%).

2.2. Fabrication of Patterned EGaln Electrodes

A schematic diagram of the fabrication process of the patterned EGaln electrode is
shown in Figure 1. The process for fabricating a selectively wettable substrate includes seed-
layer coating (Figure 1b), ZnO-nanorod growth (Figure 1c), superhydrophobic treatment
with the PFOTES SAM (Figure 1d), UV pulsed laser ablation (Figure 1e), and EGaln
brush deposition (Figure 1f). The substrates were cleaned by sonication with isopropyl
alcohol, acetone, and deionized (DI) water and treated with UV ozone for 10 min. A
10 mM solution of zinc acetate dihydrate (99.999%, Sigma-Aldrich) in 1-propanol was
spin-coated on the cleaned substrates at 2000 rpm for 30 s. The samples were then baked
at 130 °C for 1 min. The above coating and baking process was repeated five times to
ensure the uniform coverage of the zinc acetate crystallites on the substrate. All samples
were pre-annealed in an air atmosphere at 200 °C for 1 h to obtain ZnO seeds. For ZnO
nanorod growth, the samples were soaked in 25 mM zinc nitrate hexahydrate and 25 mM
hexamethylenetetramine in DI water and heated in a microwave oven (2.45 GHz) at 1000 W
for 3 min. The residual solvent in the samples was removed by rinsing with DI water [15].
Next, the samples were immersed in 1 mM PFOTES and a solution of 0.01 vol% butylamine
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in toluene at 45 °C for 90 min to form a SAM composed of PFOTES molecules on the
ZnO nanorods. The treated samples were rinsed with toluene to remove excess PFEOTES
molecules [16]. The superhydrophobic samples were selectively ablated by a nanosecond
UV pulsed laser (LSU5DS 3D Laser Marking System, HGTECH, Wuhan, China), as shown
in Figure le, to expose the hydrophilic surfaces of channels with different widths. The
widths of the laser-ablated channels were 50, 100, 200, 500, and 1000 um. The wavelength
of the laser was 355 nm, the pulse frequency was 100,000 Hz, the off time was 6500 ns, and
the scan rate was 1000 mm/s. Finally, EGaln liquid metal patterns were formed on the
selectively wettable substrate using a brush, as shown in Figure 1f.

PFOTES SAM
treatment

EGaln coating

Figure 1. Schematic of the fabrication process of patterned EGaln electrodes via SSWT: (a) substrate
cleaning, (b) ZnO seed layer coating on the substrate and pre-annealing, (¢) ZnO nanorod growth
fabricated by microwave heating, (d) PFOTES SAM treatment on the ZnO nanorods, (e) UV pulsed
laser ablation, (f) EGaln patterns on the selectively wettable substrate using a brush.

2.3. Characterization

The surface top-view and cross-section of the samples were characterized using a
field emission scanning electron microscope (FE-SEM, NOVA-600, FEI, Hillsboro, OR,
USA) equipped with an energy-dispersive X-ray spectrometer (EDS). X-ray diffraction
(XRD, X'Pert-Pro MPD, Malvern Panalytical, Malvern, UK) analysis was performed to
investigate the crystal structure of the ZnO nanorods. The absorbance of the samples
was analyzed using a UV-Vis spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan) to
characterize their optical absorption at 355 nm. A drop shape analyzer (DSA100, KRUSS,
Hamburg, Germany) was used to measure the contact angles of DI water and DIM droplets
on the hydrophilized samples. Here, 3 uL of the liquids was applied to the surface of each
sample. Images of the obtained EGaln conductive patterns and the ablation linewidths were
captured by optical microscopy (OM, BX51M, OLYMPUS, Tokyo, Japan). Folding tests were
performed for 50,000 cycles using CFT-070i equipment (COVOTECH, Hwaseong-si, Korea)
to demonstrate the flexibility of the EGaln conductive layer, and electrical resistances
were measured and averaged every 10,000 cycles using a two-point probe multimeter
(Fluke 289, Fluke, Everett, WA, USA). The resistance change (AR/Rp) was calculated as
AR/Rg = (R — Rp)/Rp, where R is the resistance after folding and Ry is the initial resistance.
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3. Results and Discussion

Figure 2 shows top-view images of the laser-ablated interface region of the PFOTES
SAM-processed ZnO nanorod array layer (hereafter referred to as ZnO-PFOTES) at different
magnifications. The ZnO nanorods were grown on the substrate and then subjected to
selective laser irradiation to enable the analysis of the laser-irradiated and pristine surfaces
using FE-SEM and EDS. The ZnO nanorods grew uniformly and densely, as shown in
Figure 2a. The surface images of the non-irradiated area on the left and the laser-irradiated
area on the right were compared, as demonstrated in Figure 2b. The noticeable difference
in morphology between these areas subjected to laser irradiation and those without it was
apparent. Redeposited ZnO nanorod fragments from laser ablation were detected. One-
dimensional EDS analysis (distance, ~2220 um) was performed on the boundary region to
investigate whether the ZnO nanorods were well-ablated by the UV pulsed laser, as shown
in Figure 2c,d. The laser-ablated region exhibited a significantly lower Zn-Ko intensity
than the non-ablated area, which was consistent with the results obtained from the FE-SEM
top-view image shown in Figure 2b. Hence, based on the FE-SEM and EDS analysis, the
use of the UV pulsed laser was confirmed to lead to the removal of the ZnO-PFOTES layer.

1000 1500

Distance (um)

Figure 2. FE-SEM top-view images of (a) pristine ZnO-PFOTES and (b,c) laser-ablated interface area.
(d) EDS line scan Zn-K« spectrum of the laser-ablated interface area (yellow line in (c)).

The crystallinity and optical characteristics of the pristine and laser-ablated ZnO-
PFOTES were investigated by XRD and UV-Vis, respectively, to further confirm successful
ablation by the UV pulsed laser, as shown in Figure 3. In the case of the pristine ZnO-
PFOTES, ZnO crystal growth was more dominant along the z-axis than along the x-axis,
which was confirmed by the stronger intensity of the (002) plane at 34.4° than that of
the (100) plane at 31.8°, as shown in Figure 3a. This result aligns well with the FE-SEM
image in Figure 2c and previous studies on hydrothermally synthesized ZnO nanorods,
which showed a dominant tendency for z-axis growth [17]. The presence of ZnO was also
confirmed by the absorbance peak at 369 nm, which is an inherent absorption characteristic
of ZnO, as shown in Figure 3b [18]. In contrast, the XRD peaks and absorption peak of ZnO
at 369 nm were considerably diminished in the laser-ablated ZnO-PFOTES. ZnO-PFOTES
exhibited a broad absorption peak at 355 nm and a central wavelength of 369 nm, as shown
in Figure 3b. Thus, ZnO-PFOTES was effectively eliminated by the UV-pulsed laser with a
central wavelength of 355 nm.
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Figure 3. (a) Out-of-plane XRD patterns and (b) UV-Vis optical absorption spectra of the pristine
(black line) and laser-ablated (red line) ZnO-PFOTES samples.

The general mechanism of laser ablation involves the absorption of light energy, where
excited electrons transfer heat to the lattice due to photon absorption, causing the heating
effect to melt or vaporize the material, resulting in macroscopic removal of material from
the substrate [19]. This phenomenon occurs when the peak fluence (Fy) of the laser is above
the ablation threshold fluence (Fy,) and is calculated as follows [20]:

D? = 2w 1n<§)), (1)
th

where D and w are the ablation linewidth and 1/¢% beam radius of the Gaussian beam
profile, respectively. The peak fluence of the Gaussian laser beam is calculated from the
pulse energy (E) of the UV pulsed laser with the following equation:

2E
F = pur ()
Figure 4 shows the correlation of the ablation linewidth with the peak fluence of the
UV pulse laser. Figure 4a shows the OM images of the laser scanning ablation trace lines
of the ZnO-PFOTES layer at different laser pulse energies. The higher the pulse energy
of the laser, the more the ablation linewidth of the ZnO-PFOTES layer tended to increase.
This phenomenon is a natural consequence of the Gaussian profile of the laser beam, which
increases the portion of the laser beam with higher fluence as the pulse energy increases [20].
In general, the higher the irradiation fluence, the higher the absorbed energy density, which
induces higher temperatures. As a result, a larger portion of the irradiated area is ablated,
and the ablation linewidth increases (Figure 4b). From these results, the calculated ablation
threshold fluence for the ZnO-PFOTES was 5.01 J/cm? from the x-intercept obtained by
extrapolation from Equation (1) and Figure 4c.
The Droplet contact angle analysis was adopted to quantitatively calculate the change
in s induced by laser ablation. Table 1 shows the 5 characteristics and droplet shapes of
liquids on the pristine and laser-ablated ZnO-PFOTES.
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Figure 4. (a) OM images and ablation linewidths of laser scanning ablation trace lines of the ZnO-

PFOTES layer as a function of peak fluence calculated with different laser pulse energies, (b) ablation

linewidth as a function of laser peak fluence, and (c) plot of the square of the ablation linewidth

versus the natural logarithm of peak fluence.

Table 1. Surface energy (vs) characteristics and droplet shapes of liquids on the pristine and laser-
ablated ZnO-PFOTES samples.

Contact Angle (°) 'yf ,Ygi Vs »
_ Xol=1s/7
Sample DI Water DIM (m]J m-—2) (m] m—2) (mJ m 2) p < s s>
Pristine -
7nO-PFOTES Q 5.906 29.01 34.92 0.1691
141.0 70.63
Laser-ablated A E
ZnO-PFOTES g 24.71 33.97 58.68 0.4210
42.87 26.50

The contact angles of the DI water and DIM droplets on pristine ZnO-PFOTES were
141° and 70.63°, respectively, while those on the laser-ablated ZnO-PFOTES were 42.87°
and 26.5°, respectively. The DI water contact angle of 141° on the pristine ZnO-PFOTES
sample is much larger than 90°, which means the sample exhibits superhydrophobicity
owing to the lotus effect induced by the nanostructure of ZnO-PFOTES [21]. Surface energy
s, which is an indicator of the strength of intermolecular forces in a sample and is related
to its wettability, can be calculated using the following equations [22,23]:

1/2 1/2
1/2 1/2 p p
2002 (08)2 2(2) T (k)
+ , (©)]
Yv Yv

1+ cosf =
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where 75 and ¢ refer to the surface energies of the polar and dispersive components of
the sample, respectively, and 7y is the surface tension of the test liquid. The quantitative
s values of the samples were obtained by inserting the known values of vy, 'yf‘l,, and ’yﬁl
of the test liquids [22] and the measured contact angle 6 into the above equation. The 75,
'y;i, and ')/ISD calculated for the pristine ZnO-PFOTES were 34.92, 29.01, and 5.906 m]/ m?2,
respectively, while those calculated for the laser-ablated ZnO-PFOTES were 58.68, 33.97,
and 24.71 mJ/m?, respectively. Because 15 increased from 34.92 to 58.68 m]J/ m? and the
polar component ratio X}, increased from 0.1691 to 0.4210 following laser ablation, the
selective wetting of EGaln was clearly facilitated by this process.

Figure 5 displays the different EGaln patterns created using SSWT. In Figure 5a, the
line patterns of EGaln formed on the PES substrate had varying linewidths of 50, 100,
200, 500, and 1000 pm. Electrical resistance was successfully measured in all patterned
EGaln lines. The resistance increased considerably as the linewidth decreased. However,
even at the narrowest linewidth of 50 wm, an accurate measurement of resistance was still
obtained, indicating a seamless patterning process. Magnified OM images of the 50, 100,
and 200 pm fine-line patterns are shown in Figure 5b—d, respectively. The advantage of
laser for designing patterns is demonstrated in Figure 5e, which shows the text pattern
formed using SSWT as a digitalized process. Although some dewetting areas are evident
in the enlarged OM images shown in Figure 5f,g, the overall patterns demonstrated good
resolution with clear boundary definitions.

(a). |, (e) ,
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= 41 \
2 \
o
© 2 k\ % —3 (f).
\ :
0 \.' »|

0 200 400 600 800 1000 ‘
Width (um)

Figure 5. (a) Electrical resistance and OM image (inset) of flexible EGaln electrodes with different
patterned linewidths of 50, 100, 200, 500, and 1000 pm. Scale bar = 5 mm. (b—d) OM images of the
fine-line patterns with linewidths of 50, 100, and 200 um, respectively. Scale bar = 200 um. (e) Text
logo pattern and (f,g) enlarged OM images of the areas marked in (e). Scale bars = (e) 5 mm and
(f,g) 500 um.

Figure 6 shows the inward-folding cyclic fatigue-deformation characteristics of pat-
terned EGaln liquid metal and Ag thin film electrodes. The stability of the electrodes under
cyclic folding was estimated by assessing AR/Rj. The EGaln and Ag electrodes on the
flexible PES film substrate were fabricated by SSWT and sputtering, respectively. When
electrodes on a film substrate are folded at 180°, the peak strain (¢) on the sample surface
could be determined using the following equation:

€=, (6)
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where t is the thickness of the substrate and r is the bending radius [24,25]. In the cyclic
folding test, t and r were 50 um and 1 mm, respectively, corresponding to a peak strain of
2.5%. The cyclic folding test was performed in five sets of 10,000 cycles to achieve a total
of 50,000 cycles, and resistance measurements were taken every 10,000 cycles. The AR/ Ry
the Ag electrode increased dramatically to over 150% after 10,000 cycles and increased
linearly to almost 500% after 50,000 cycles. Most electrodes composed of thin film metals,
including those made of Ag, have been reported to fracture at strains below 2% when used
on polymer substrates [24,25]. Therefore, in this study, the cyclic folding test was performed
at a peak strain of 2.5%, which is greater than the fracture strain, resulting in a sharp change
in resistance. In contrast, the AR/R of the EGaln electrode increased moderately to ~15%
and then remained stable over subsequent measurements, increasing to only 18.6% after
50,000 cycles. This result is attributed to EGaln’s higher flexibility resulting from its much
lower Young’s modulus (2.1 x 10° Pa) compared to Ag metal (~5 X 10° Pa) [26-28]. Thus,
compared with the Ag thin film electrode, the EGaln liquid metal electrode fabricated
with SSWT was much more stable against cyclic folding fatigue owing to the flexibility
of the intrinsic liquid state of EGaln. To compare with previously reported findings on
flexible electrodes, we defined an eN value (in this work, eN = 2.5% x 50,000 = 1250) to
represent the degree of cyclic folding fatigue, where N is the number of folding cycles,
as shown in Figure 6b. Most previous studies on flexible electrodes have validated their
flexibility under mild conditions with eN values below 1000. Our study showed that the
patterned EGaln electrode fabricated with SSWT under harsher conditions with an eN
value of 1250 exhibited comparable or superior flexibility when compared to previously
reported flexible electrodes made of materials such as metal nanowires, metal nanomeshes,
graphene, carbon nanotube (CNT), indium tin oxide (ITO), ITO/Ag/ITO (IAl), and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) films [25,29-40].
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Figure 6. Inward-folding cyclic fatigue-deformation characteristics of electrodes: (a) change in
resistance behaviors of patterned EGaln liquid metal and Ag thin film electrodes under cyclic
folding condition (¢ = 2.5%, N = 50,000, eN = 1250) and (b) change in resistance with respect to
degree of cyclic folding fatigue of patterned EGaln electrode fabricated with SSWT compared
to those of previously reported flexible electrodes: Ag nanowire [29], Ag nanomesh [30], Au
nanomesh [31,32], Au/Graphene [33], ITO/Graphene [34], CNT [35], PEDOT:PSS/CNT [36], Nanos-
tructured ITO [37,38], ITO/Ag/ITO [39,40], Nanostructured IAI [25].

4. Conclusions

In this work, we presented a simple method to easily fabricate flexible finely and
directly patterned EGaln electrodes using SSWT based on v differences. All fabrication
steps utilized a solution process that can be carried out under atmospheric conditions, and
direct patterning was made possible by UV pulsed laser ablation, which is inexpensive
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and applicable to large areas. We also investigated the mechanism by which UV-pulsed
laser ablation effectively removed the SAM-treated ZnO nanorod array, rendering the
liquid metal superhydrophobic, and induced an increase in 7y, resulting in improved liquid
metal wettability and patterning, using surface analysis. The linewidths of the EGaln
liquid metal patterns fabricated with SSWT could be freely adjusted to realize linewidths
as fine as 50 pum. The EGaln liquid metal patterned electrode fabricated on a flexible
substrate exhibited significantly better flexibility than the Ag thin film electrode under
severe conditions with an eN value of 1250, corresponding to 50,000 cycles of folding fatigue
at a peak strain of 2.5%. The simple and easily implementable liquid metal patterning
technique proposed in this study, when combined with a passivation layer to protect the
liquid metal electrodes, may potentially be applied in the promising field of wearable and
stretchable electronics, which requires extreme flexibility.

Author Contributions: Conceptualization, C.Y.; data curation, S.J.P; formal analysis, S.J.P; funding
acquisition, C.Y.; methodology, C.Y.; investigation, C.Y.; project administration, C.Y.; resources, C.Y.;
supervision, C.Y.; validation, S.J.P. and C.Y.; visualization, S.J.P. and C.Y.; writing—original draft
preparation, S.J.P. and C.Y.; writing—review and editing, C.Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by Enterprise Demand-based Production Technology Commer-
cialization Project of the Korea Institute of Industrial Technology (KITECH), and granted financial
resources from the Ministry of Economy and Finance, Republic of Korea (No. JD230008).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

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

References

1. Chen, G.; Wang, H.; Guo, R.; Duan, M.; Zhang, Y.; Liu, J. Superelastic EGaln composite fibers sustaining 500% tensile strain with
superior electrical conductivity for wearable electronics. ACS Appl. Mater. Interfaces 2020, 12, 6112-6118. [CrossRef] [PubMed]

2. Li, S.; Chen, X,; Li, X,; Tian, H.; Wang, C.; Nie, B.; He, J.; Shao, J. Bioinspired robot skin with mechanically gated electron channels
for sliding tactile perception. Sci. Adv. 2022, 8, eade0720. [CrossRef] [PubMed]

3. Kim, B.-J.; Shin, H.-A.S.; Jung, S.-Y.; Cho, Y.; Kraft, O.; Choi, I.-S.; Joo, Y.-C. Crack nucleation during mechanical fatigue in thin
metal films on flexible substrates. Acta Mater. 2013, 61, 3473-3481. [CrossRef]

4. Bo, G Ren, L; Xu, X;; Du, Y,; Dou, S. Recent progress on liquid metals and their applications. Adv. Phys. X 2018, 3, 1446359.
[CrossRef]

5. Clarkson, T.W.; Magos, L. The toxicology of mercury and its chemical compounds. Crit. Rev. Toxicol. 2006, 36, 609-662. [CrossRef]
[PubMed]

6.  French, S]J; Saunders, D.J.; Ingle, G.W. The system gallium-indium. J. Phys. Chem. 2002, 42, 265-274. [CrossRef]

7. Chen, X,; Sun, P; Tian, H.; Li, X.; Wang, C.; Duan, J.; Luo, Y,; Li, S.; Chen, X_; Shao, J. Self-healing and stretchable conductor
based on embedded liquid metal patterns within imprintable dynamic covalent elastomer. J. Mater. Chem. C 2022, 10, 1039-1047.
[CrossRef]

8.  Hao, X.P; Li, C.Y;; Zhang, CW.; Du, M,; Ying, Z.; Zheng, Q.; Wu, Z.L. Self-shaping soft electronics based on patterned hydrogel
with stencil-printed liquid metal. Adv. Funct. Mater. 2021, 31, 2105481. [CrossRef]

9. Yan, J.; Lu, Y,; Chen, G.; Yang, M.; Gu, Z. Advances in liquid metals for biomedical applications. Chem. Soc. Rev. 2018,
47,2518-2533. [CrossRef]

10. Boley, ].W.; White, E.L.; Chiu, G.T.C.; Kramer, R.K. Direct writing of gallium-indium alloy for stretchable electronics. Adv. Funct.
Mater. 2014, 24, 3501-3507. [CrossRef]

11.  Park, CW.,; Moon, Y.G,; Seong, H.; Jung, SSW.; Oh, ].-Y; Na, B.S.; Park, N.-M; Lee, S.S.; Im, S.G.; Koo, ].B. Photolithography-based
patterning of liquid metal interconnects for monolithically integrated stretchable circuits. ACS Appl. Mater. Interfaces 2016,
8, 15459-15465. [CrossRef] [PubMed]

12.  Yang, J.; Zhou, T.; Zhang, L.; Zhu, D.; Handschuh-Wang, S.; Liu, Z.; Kong, T.; Liu, Y.; Zhang, J.; Zhou, X. Defect-free, high
resolution patterning of liquid metals using reversibly sealed, reusable polydimethylsiloxane microchannels for flexible electronic
applications. J. Mater. Chem. C 2017, 5, 6790-6797. [CrossRef]

13.  Zhang, S.; Wang, B.; Jiang, J.; Wu, K.; Guo, C.E; Wu, Z. High-fidelity conformal printing of 3D liquid alloy circuits for soft

electronics. ACS Appl. Mater. Interfaces 2019, 11, 7148-7156. [CrossRef] [PubMed]

65



Coatings 2023, 13, 1922

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Jiang, Y.; Su, S.; Peng, H.; Kwok, H.S.; Zhou, X.; Chen, S. Selective wetting /dewetting for controllable patterning of liquid metal
electrodes for all-printed device application. J. Mater. Chem. C 2017, 5, 12378-12383. [CrossRef]

Yang, C.; Hong, K.; Jang, J.; Chung, D.S.; An, T.K.; Choi, W.S,; Park, C.E. Solution-processed flexible ZnO transparent thin-film
transistors with a polymer gate dielectric fabricated by microwave heating. Nanotechnology 2009, 20, 465201. [CrossRef] [PubMed]
Yang, C.; Kwack, Y;; Kim, S.H.; An, TK,; Hong, K,; Nam, S.; Park, M.; Choi, W.-S.; Park, C.E. Ambipolar thin-film transistors
and an inverter based on pentacene/self-assembled monolayer modified ZnO hybrid structures for balanced hole and electron
mobilities. Org. Electron. 2011, 12, 411-418. [CrossRef]

Colak, H.; Karakose, E.; Kartopu, G. Effect of consumption of the sol-gel deposited ZnO seed layer on the growth and properties
of high quality ZnO nanorods. J. Mater. Sci. Mater. Electron. 2018, 29, 11964-11971. [CrossRef]

Usha, A.; Christy, J. Characterization, thermal effect on optical band gap energy and photoluminescence in wurtzite ZnO: Er
nanocrystallites. Mater. Today Proc. 2016, 3, 145-151. [CrossRef]

Ravi-Kumar, S.; Lies, B.; Zhang, X.; Lyu, H.; Qin, H. Laser ablation of polymers: A review. Polym. Int. 2019, 68, 1391-1401.
[CrossRef]

Lee, H.-L.; Hussain, A.; Moon, Y.-].; Hwang, ].Y.; Moon, S.J. Influence of pre-sintering on the nanosecond pulsed laser ablation
patterns of spin-coated silver nanoparticles. Appl. Phys. A 2023,129,705. [CrossRef]

Lee, J.; Yong, K. Combining the lotus leaf effect with artificial photosynthesis: Regeneration of underwater superhydrophobicity
of hierarchical ZnO/Si surfaces by solar water splitting. NPG Asia Mater. 2015, 7, €201. [CrossRef]

Kinloch, A.J. Adhesion and Adhesives: Science and Technology; Springer: Berlin, Germany, 1987; ISBN 978-0-412-27440-4.

Sim, I; Park, S.; Shin, K.Y,; Yang, C.; Kang, H.; Hwang, ].Y.; Moon, S.J. Inkjet printing of high aspect ratio silver lines via
laser-induced selective surface wetting technique. Coatings 2023, 13, 683. [CrossRef]

Mao, L.; Meng, Q.; Ahmad, A.; Wei, Z. Mechanical analyses and structural design requirements for flexible energy storage devices.
Adv. Energy Mater. 2017, 7, 1700535. [CrossRef]

Han, S.; Ju, B.K,; Yang, C. Ultra-flexible and transparent electrodes with controllable crack length via metal-polymer hybrid
nanostructure. Thin Solid Film. 2022, 757, 139388. [CrossRef]

Zhao, Z.; Soni, S.; Lee, T.; Nijhuis, C.A.; Xiang, D. Smart eutectic gallium—-indium: From properties to applications. Adv. Mater.
2023, 35, 2203391. [CrossRef] [PubMed]

Park, Y.-G.; Lee, G.-Y,; Jang, J.; Yun, SM.; Kim, E.; Park, J.-U. Liquid metal-based soft electronics for wearable healthcare. Adv.
Healthc. Mater. 2021, 10, 2002280. [CrossRef] [PubMed]

Chen, S.; Wang, H.-Z.; Zhao, R.-Q.; Rao, W,; Liu, J. Liquid metal composites. Matter 2020, 2, 1446. [CrossRef]

Kim, S.; Lee, H.; Kim, D.; Ha, H.; Qaiser, N.; Yi, H.; Hwang, B. Ethylcellulose/ Ag nanowire composites as multifunctional
patchable transparent electrodes. Surf. Coat. Technol. 2020, 394, 125898. [CrossRef]

Song, M.; Kim, H.-J.; Kim, C.S.; Jeong, ].-H.; Cho, C.; Lee, ].-Y.; Jin, S.-H.; Choi, D.-G.; Kim, D.-H. ITO-free highly bendable and
efficient organic solar cells with Ag nanomesh/ZnO hybrid electrodes. |. Mater. Chem. A 2015, 3, 65-70. [CrossRef]

Guo, C.F; Sun, T,; Liu, Q.; Suo, Z; Ren, Z. Highly stretchable and transparent nanomesh electrodes made by grain boundary
lithography. Nat. Commun. 2014, 5, 3121. [CrossRef]

Chauvin, A.; Txia Cha Heu, W.; Buh, ].; Tessier, P.-Y.; El Mel, A.-A. Vapor dealloying of ultra-thin films: A promising concept for
the fabrication of highly flexible transparent conductive metal nanomesh electrodes. NPJ Flex. Electron. 2019, 3, 5. [CrossRef]
Cho, C.; Kang, P; Tagieddin, A.; Jing, Y.; Yong, K.; Kim, ].M.; Haque, M.E,; Aluru, N.R.; Nam, S.W. Strain-resilient electrical
functionality in thin-film metal electrodes using two-dimensional interlayers. Nat. Electron. 2021, 4, 126-133. [CrossRef]

Lee, SJ.; Kim, Y.,; Hwang, ].-Y;; Lee, ].-H.; Jung, S.; Park, H.; Cho, S.; Nahm, S.; Yang, W.S.; Kim, H.; et al. Flexible indium-tin oxide
crystal on plastic substrates supported by graphene monolayer. Sci. Rep. 2017, 7, 3131. [CrossRef] [PubMed]

Han, S.-H.; Kim, B.-J.; Park, ].-S. Surface modification of plastic substrates via corona-pretreatment and its effects on the properties
of carbon nanotubes for use of flexible transparent electrodes. Surf. Coat. Technol. 2015, 271, 100-105. [CrossRef]

Kim, B.-J.; Han, S.-H.; Park, ]J.-S. Properties of CNTs coated by PEDOT:PSS films via spin-coating and electrophoretic deposition
methods for flexible transparent electrodes. Surf. Coat. Technol. 2015, 271, 22-26. [CrossRef]

Koniger, T.; Miinstedt, H. Coatings of indium tin oxide nanoparticles on various flexible polymer substrates: Influence of surface
topography and oscillatory bending on electrical properties. J. Soc. Inf. Disp. 2008, 16, 559-568. [CrossRef]

Yun, J.; Park, Y.H.; Bae, T.-S.; Lee, S.; Lee, G.-H. Fabrication of a completely transparent and highly flexible ITO nanoparticle
electrode at room temperature. ACS Appl. Mater. Interfaces 2013, 5, 164-172. [CrossRef] [PubMed]

66



Coatings 2023, 13, 1922

39. Kim, T.-H,; Park, S.-H.; Kim, D.-H.; Nah, Y.-C.; Kim, H.-K. Roll-to-roll sputtered ITO/Ag/ITO multilayers for highly transparent
and flexible electrochromic applications. Sol. Energy Mater. Sol. Cells 2017, 160, 203-210. [CrossRef]

40. Wu, C.-C. Highly flexible touch screen panel fabricated with silver-inserted transparent ITO triple-layer structures. RSC Adv.
2018, 8, 11862-11870. [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.

67



E coatings

Article

Effect of Spherical WC Content on the Microstructure and

Properties of SiCp Aluminium Composite Material

Xinyi Feng, Xiao Li *, Fei Wang, Zengzhi Liu and Wenping Wang

School of Mechanical Engineering, Xinjiang University, Urumgi 830047, China; 107552101393@stu.xju.edu.cn (X.E);
107552001095@stu.xju.edu.cn (FEW.); 107552101392@stu.xju.edu.cn (Z.L.); 107552204287 @stu.xju.edu.cn (W.W.)
* Correspondence: likebaijia@126.com

Abstract: In this paper, SiCp aluminium matrix composites were used as the matrix, and AlSi10Mg
powder, which has a relatively similar coefficient of thermal expansion to that of the matrix, was used
to prepare laser cladding Al-based coatings. The results show that the optimal process parameters are
P =4400 W, Vf =113 g~minf1, and Vg = 1800 mm-min~}, and, although the hardness of the coatings
is lower than the hardness of the substrate, it reduces the generation of defects such as cracks and
porosity. With the increase in WC reinforced phase and the hardness of the coatings, wear resistance
increases, the granular cytocrysts are transformed into rod-like cytocrysts, and at the same time
generate the dendritic crystals, and the undergo grain refining and generate the new phases such as
AlyC3, Al4SiCy. There is no obvious defect in AlSi10Mg + 40%WC coatings, the macro morphology
of the coatings is good, there is no spalling in the friction wear morphology, and the wear resistance
is excellent, but there are obvious cracks and obvious spalling in the coatings of AlSi10Mg + 60%WC.
Compared to the matrix hardness of 171.61 HV, the hardness of the 20%WC cladding layer increased
by a factor of 1.06, while the hardness of the 40%WC cladding layer increased by a factor of 1.65
and that of the 60%WC cladding layer increased by a factor of 1.8. In terms of wear, compared to a
substrate wear amount of 9.36 mg, the wear for the 20%WC cladding layer was reduced to 6.13 mg
(34.5% less than the substrate), for the 40%WC cladding layer it was reduced to 4.58 mg (51.06% less
than the substrate), and for the 60%WC cladding layer it was reduced to 7.35 mg (21.47% less than
the substrate). The quality of the coatings decreases although the hardness is higher than that of
AlSi10Mg + 40%WC. The comprehensive performance of AlSil10Mg + 40%WC coatings is optimal.

Keywords: laser cladding; pulsed electric field; preheating; wear performance

1. Introduction

Aluminium content is the most abundant metallic substance in the world, and alu-
minium alloys have become the most widely used metallic materials worldwide, with their
excellent fracture toughness, high specific strength, and good forming and metallurgical
properties attracting the attention of industries in various countries. However, its inherent
drawbacks, such as low hardness, low wear resistance, and low modulus of elasticity, make
aluminium alloys increasingly unable to meet the needs of emerging fields of industry [1,2].
For this reason, researchers and scholars have thought of adding certain substances that
can enhance the properties of traditional aluminium alloys to prepare composites with
excellent properties, in which various reinforcing particles, including SiC particles, have
the advantages of low density (3.21 g/cm?), high modulus of elasticity and hardness, good
chemical stability, wear resistance, and low cost of preparation, and at the same time, have
good chemical compatibility with aluminium alloys. The comprehensive performance of
SiC particles makes them the most commonly used in aluminium matrix composites [3,4].
SiC particles reinforced aluminium matrix composites have stronger properties of elastic
modulus, wear resistance, specific strength, and dimensional stability compared to tradi-
tional aluminium alloys, and the addition of different volume fractions of SiC particles
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has different effects on their properties, which are widely used in the fields of electronic
packaging and aerospace and automotive manufacturing.

AlSil0Mg [5-8] as an aluminium-silicon alloy is used in the field of material forming
because of its good castability and corrosion resistance. In recent years, researchers in
the field of civil aviation widely used SLM technology [9-11] for its complex shape, and
relevant research shows that the mechanical properties of SLM-forming alloys [12-15] are
better than those of the traditional casting products [16]. At the same time, in terms of wear
resistance, the most commonly used surface texture technology is laser surface texture,
which can greatly improve friction performance [17,18]. However, many factors limit
the development of laser additive manufacturing; AlSil0OMg alloys, such as aluminium
alloys are prone to oxidation at high temperatures [19], high thermal conductivity, and
laser reflectivity [20], and defects are prone to porosity, cracks, and other defects. How
to effectively reduce coating cracks is a hot topic in the field of laser cladding, Li [21] In
the laser cladding process, pulse current is applied to effectively mitigate coating cracks
and enhance coating hardness and wear resistance. At the same time, because of the low
heat input of laser cladding and a high degree of automation, it is suitable for metal repair
technology. Al-based alloy cladding materials are mainly used in the laser cladding repair
of aluminium alloy products, in order to adapt to the economy of saving, research on the
laser cladding repair technology of aluminium alloy is particularly necessary. Scholars
have studied the laser repair technology; Meinert and Bergan [22] first reported on the laser
cladding repair of aluminium alloys, in 6061 and 7075 aluminium alloy surface cladding
4000 series aluminium alloys, the tensile strength of the repaired specimens for the original
6061-T6 and 7075-T651 specimens were 61% and 64%, respectively. Corbin et al. [23] carried
out laser cladding of 6061-T6-aluminium alloy powder on the surface of 6061 aluminium
alloy powder laser cladding on the surface of 6061T6-aluminium alloy; they found that the
hardness of the coating is lower than the substrate, and there are defects such as porosity,
but the substrate and the coating powder properties are similar to reduce the generation
of cracks, but did not continue to carry out the coating performance enhancement of the
relevant research.

Wear calculations are very important in order to predict the life cycle of a certain com-
ponent, and thus schedule the forehand replacement or prevent the failure [24]. WC [25-27]
is a kind of ceramic particle, with high hardness and wear resistance, and has good elec-
trical and thermal conductivity, WC has good chemical properties [28,29], and its powder
is often used for cemented carbide reinforcing materials. With the development of laser
additive manufacturing, more and more scholars will also be WC ceramic particles added
to its coating powder as a reinforcing phase, C element, and W element in the laser high
temperature will occur with other elements [30,31]. C and W elements will react with
other elements under the high temperature of the laser to strengthen the coating with a
solid solution, and then improve the hardness, wear resistance, and corrosion performance
of the coating surface [32-34]. In Yu [35], AlSi5CulMg aluminium alloy surface laser
cladding Ni60 + WC powder, the cladding layer microhardness of the substrate is about
9~11 times. Qing et al. [36] studied the microstructure, microhardness, and wear resistance
of 60% WC-reinforced FeCoNiCr composite coatings prepared by laser cladding. The study
showed that the composite coatings have good forming quality, better microhardness, and
wear resistance.

Although the desired properties can be achieved through laser cladding of metal
powders with varying characteristics on the substrate, the coating may develop cracks
due to its high coefficient of thermal expansion. This issue significantly impacts the
binding properties of the coating itself. In this study, we aim to address these concerns by
following previous scholars’ theories on repairing cracks and defects in original aluminum
alloy substrates through laser cladding different types of Al-based powders onto an Al
substrate. By selecting AlSil0Mg powder with a similar thermal expansion coefficient
as the substrate and incorporating the WC reinforcing phase to enhance surface wear
resistance and hardness properties, we can effectively minimise crack formation.
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This approach has potential cost-saving implications for commercial applications while
expanding the utilisation of aluminum alloys. The key distinction between our research
and others lies in our focus on improving aluminum alloy laser cladding properties to
reduce crack occurrence, thereby providing a valuable reference for preparation processes
and theoretical foundations.

2. Experimental
2.1. Experimental Materials

Experiments selected by the AVIC Xi’an Aircraft Manufacturing Company Limited
Materials Research Institute, Xi’an, China provided by the 15% SiCp/2009Al1 composition
(see Table 1) and size 150 mm x 60 mmx 10 mm, before using, 400 #, 800 #, and 1000 #
of sandpaper will be used to sand the surface to a bright, remove the surface of the oil
and oxidation, and then put into the ultrasonic vibration instrument filled with anhydrous
ethanol. Cleaned 30 min, and then placed in a drying box for 120 min standby, the powder
material selection of 100-250 mesh AlSi10Mg; for powder composition see Table 2. Then,
mix 20%, 40%, and 60% WC spherical ceramic powder; powder composition is shown in
Table 3. The mixing process is conducted using a KQM-Z/B-type planetary ball mill for a
duration of 2 h to ensure thorough and uniform blending. The ratio of balls to material
is maintained at 3:1, while the milling speed is set at 500 r/min. Subsequently, the mixed
powder is transferred into a drying oven for a period of 60 min in order to eliminate any
moisture content present. Once dried, it is then placed onto a tray and allowed to cool down
naturally until reaching room temperature before being carefully stored in an air-tight
bag.The SEM images of AlSi10Mg powder and WC powder are depicted in Figure 1.

Table 1. Chemical composition of 15% SiCp/2009Al substrate (wt.%).

Cu Mg Fe Si Al
42 1.6 0.05 0.25 Bal.

Table 2. Chemical composition of AlSi10Mg coated powder (wt.%).

Si Fe Cu Mg Mn Ni Al
9.880 0.051 0.005 0.400 0.009 0.180 Bal.

Table 3. Chemical composition of WC ceramic reinforced phase powders (wt.%).

Fe Si Mg Al k Na Ca S Mo w C
0.02 0.003 0.002 0.002  0.0015  0.0015  0.002 0.002 0.01 Bal. Bal.

VLN Ees
LS

Figure 1. (a) SEM (Scanning Electron Microscope) morphology of spherical AlSilOMg. (b) SEM
(Scanning Electron Microscope) morphology of spherical WC.
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2.2. Experimental Methods

The cladding layer was prepared by an 8 kW JPT-6000 IPG continuous wave fiber laser
from Shaanxi Yunding Optoelectronic Technology Co, Ltd., Xi’an, China with a 1080 nm
wavelength. The spot diameter is 2 mm and was used to process the AlSi10Mg coated
single-pass specimen; with coaxial powder feeding processing, the protective gas was
argon, and the gas flow rate was set at 13 L/min. The laser schematic is shown in Figure 2.

Laser Power feeder
W L —
- .
Laser beam o l
.
| gt} 2 . |

Protective gas

Argon
—

2
-

W

Cladding
device

Control
system Cladding track
> Substrate

Figure 2. Component modules of the fusion cladding system.

$/

Firstly, a one-factor orthogonal test of AlSil0Mg coating was carried out, and the
effects of different laser power, powder feeding rate, and scanning rate on the coating
quality could be analysed through the one-factor experiment, and the orthogonal test
method is an experimental method to study the combination of multi-factors and multi-
levels, whose main function is that it can be substituted for the full-scale test by a small
number of tests, which saves time and cost. We selected the better process parameters as
the intermediate level value and establish three factors and three levels of orthogonal test;
the value of each factor is shown in Table 4.

Table 4. Orthogonal test factor level table.

(B) Powder Feeding (O) Scanning
Factors (A) Laser Power/(w) Rate/(g-min-1) Speed/(mm-min-1)
Level 1 4200 6.78 1800
Level 2 4400 9.04 2000
Level 3 4600 11.3 2200

According to the number of levels of each factor to choose a single level of orthogonal
table Ly (3*3), the level of each factor based on the table arrangement to obtain the orthogo-
nal test parameter table, each line of the factors to take the value of the combination of a
group of test parameters [37], for a total of 9 groups of tests, as shown in Table 5.

Figure 3 shows the macroscopic morphology of the single-pass coating cross-sections
obtained under the orthogonal test parameters described above, and it can be seen that
the cross-sectional morphology of the different groups varies relatively widely, and the
dilution rates of all specimens are generally high. Different scanning rates change the
laser scanning dwell time, which also changes the amount of powder obtained from the
substrate in disguise. As can be seen from Figure 3, under the variation of the current
parameter gradient, when the power is certain, the scanning rate has a greater influence on
the melt height and depth than the scanning speed, and the difference in this influence is
gradually obvious when accompanied by the power increase. This is because the change of
200 mm-min~! powder feeding rate on the coating of the same position of the scanning
rate of the substrate to obtain a greater amount of powder; when the power gradually
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increases, the heat in the melt pool rises, the unmelted powder decreases, and the powder
utilisation increases; compared to the lower power, the increase in the amount of powder
permitted by the higher power will also be more, thus producing a significant difference.
When P = 4200 W and 4600 W, the coatings are produced with more porosity as seen in
Figure 3 1-3,7,9, while when P = 4400 W, Figure 3 5,6 have no obvious porosity defects,
indicating that the appropriate power parameters have a greater impact on the generation
of defects.

Table 5. Parameter list of orthogonal test.

No. A B C
1 1 (4200) 1(6.78) 1 (1800)
2 1 2(9.04) 2 (2000)
3 1 3(11.3) 3 (2200)
4 2 (4400) 1 2
5 2 2 3
6 2 3 1
7 3 (4600) 1 3
8 3 2 1
9 3 3 2

Figure 3. Macroscopic morphology of single-pass coating cross-section with orthogonal test parameters.
(1) P = 4200 W, Vs = 6.78 g-min !, Vg = 1800 mm-min~'. (2) P = 4200 W, V;=9.04 g-min~!,
Vg =2000 mm-min~—!. (3) P = 4200 W, Vy=11.3 gmin~!, Vg = 2200 mm-min~". (4) P =4400 W,
Vp=6.78 g-min~!, V5 = 2000 mm-min 1. (5) P = 4400 W, Vy = 9.04 g-min~!, V = 2200 mm-min .
(6) P = 4400 W, Vy = 11.3 g-min~!, Vs = 1800 mm-min~'. (7) P = 4600 W, V; = 6.78 g-min"!,
Vs =2200 mm-min~1. (8) P = 4600 W, Vs = 9.04 g-min !, Vs = 1800 mm-min~'. (9) P = 4600,
Vp=113 g-min~!, V5 = 2000 mm-min~*.

The melt width and dilution rate of each group of tests are shown in Table 6. The
variation rule of melt width and dilution rate with the level of individual factors is not
clear, and in order to further explore the influence of each factor on the melt width and
dilution rate, the extreme difference analysis is used to further illustrate.

The extreme difference analysis table shown in Table 7, R; table on the extreme dif-
ference of factor j, reflecting the magnitude of changes in the test indicators with the level
of the factor, is a measure of the degree of influence of the factor. According to the size of
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the extreme difference R;, you can judge the influence of the factors of the primary and
secondary. The formula for calculating the extreme difference R; is shown in Equation (1),
where Kjy,, represents the factor j to take the level m, the sum of the test indicators.

R; = max(Kj;, Ky, .. Kjm) — min (K, Koz, K ) <1>

Table 6. Melt width and dilution rate of orthogonal test coatings.

No. Dilution Rate/% Melt Wide
1 68.2 5.04
2 59.5 497
3 49.7 4.37
4 63.5 4.71
5 46.3 4.04
6 38.3 4.18
7 57.0 4.96
8 65.0 4.55
9 64.6 5.41

Table 7. Orthogonal test extreme variance analysis table.

A B C
K1 14.38 14.71 13.77
K2 12.93 13.56 15.09
K3 14.92 13.96 13.37
K 4.79 4.90 4.59
Melt wide K, 4.31 4.52 5.03
K3 497 4.65 4.46
Kmax 497 4.90 5.03
Kmin 431 4.52 4.46
R 0.66 0.38 0.57
K1 177.40 188.70 174.40
K2 151.00 170.80 187.60
K3 186.60 155.50 153.00
K 59.13 62.90 58.13
Dilution rate/% K, 50.33 56.93 62.53
K3 62.20 51.83 51.00
Kmax 62.20 62.90 62.53
Kmin 50.33 51.83 51.00
R 11.87 11.07 11.53

As can be seen from Table 8, for the coating melt width RA > RC > RB and the dilution
rate RA > RC > RB, with reference to the method of polar deviation can be seen, the different
process parameters for the coating melt width of the influence of the size of laser power
is the largest, followed by the scanning rate, the smallest rate of powder delivery; on the
dilution rate of the influence the size of the laser power is the largest, the scanning rate of
the second, the smallest rate of powder delivery, it can be seen clearly that, in the test, the
laser power of the largest influence on the coating is the influence of the coating melt width
and the dilution rate of the primary factors.

Table 8. Process parameters after orthogonal optimisation.

Laser Power/(w) Powder Feeding Rate/(g-min—1) Scanning Speed/(mm-min—1)
4400 11.3 1800

For the evaluation index of the coating, the moderate melt width and the lowest
dilution rate are used as the selection principle of the parameters. For factor A, the influence
of melt width and dilution rate of the coating is in the first place, the comprehensive
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consideration of the coating morphology and dilution rate selection of Ay; for factor B, the
melt width of the coating and the dilution of the rate of influence of the coating are in the
last place, the comprehensive consideration of the selection of Bj; for factor C, the melt
width of the coating and the dilution rate of the influence of the coating are in the middle
place, the comprehensive consideration of the selection of C;, and optimal combination of
the analysis of the polarity of the difference for A;B;C;.

After the end of laser cladding, the sample is cut into an 8 x 8 x 8 mm size, pol-
ished with 800#, 1000#, and 1200# sandpaper, and then configured with aluminium-based
electrolytic polishing solution (volume ratio of HC1O4:CH3CH,OH = 1:9) and electrolytic
polishing with the electrolytic polishing machine model KXN-305D, set the voltage at 25 v,
the electrolysis time is 20 s. During the electrolysis period, the electrolyte was stirred
with a magnetic stirrer, and liquid nitrogen was added to cool down the temperature to
prevent the electrolysis from increasing with time; the temperature increased, the resistance
increased, and the specimen was blackened by over-electrolysis, which affected the amount
of electrolytic quality.

An industrial microscope was used to analyse the macroscopic morphology and
dilution rate of the coating cross-section; a Bruker D8 Advance X-ray diffractometer (XRD)
was used to scan the coating for physical analysis; and JSM-7610F plus Scanning Electron
Microscope (SEM) and energy spectrometry (EDS) were used to observe the microscopic
morphology and elemental distribution. The microhardness was measured by Huayin
HV-1000A digital microhardness tester with an applied force of 200 N and a dwell time of
15 s; the friction factor was tested by MFT-5000 friction and wear tester, and the dry friction
experiment was carried out by using SizNy4 ceramic ball as the friction partner under a
load of 60 N, with a loading time of 20 min, a frequency of 2 Hz, and a scratch distance
of 10 mm.

3. Results and Discussion
3.1. Macroscopic Morphology Analysis

Through the above single-channel orthogonal experiment and range analysis, it is
concluded that sample No. 6 (A;B3Cq) is the best process parameter, and the data are
shown in Table 8.

Figure 4 shows the macroscopic morphology cross-section of AlSi10Mg coated powder
and WC ceramic powder added with different proportions under an industrial microscope.

As can be seen from the figure, under the optimal orthogonal process parameters,
the surface morphology of the AlSi10Mg coatings without added WC ceramic powder is
good, the surface is flat and smooth, and there are no defects such as cracks and porosity,
while the coatings with 60% WC addition has obvious cracks and porosity defects, and
the moulding quality is poor. Is due to the thermal stress easily generated during the laser
cladding process, and the difference between the thermal expansion coefficient of WC
ceramic powder and the thermal expansion coefficient of the substrate, along with the
continuous improvement of the WC content, the difference between the thermal expansion
coefficient of WC ceramic powder and the substrate is also increasing. In the case of the
same laser power, there is a large amount of unmelted powder in the 60% WC cladding
group, and these particles are prone to produce a source of cracks, and, ultimately, cracks
are generated. In addition, the changes in the composition of the alloy also caused a phase
transition that increased the phase transition stress in the cladding material.

In the process of rapid cooling of laser cladding, the thermal stress of the cladding
layer exceeds the yield strength of the material itself, and the gas that cannot be discharged
by the rapid cooling of laser cladding will turn into porosity. So, the combined effect of
the escape velocity of the gas and the speed of the laser condensation is one of the main
reasons for the generation of porosity, and the WC makes the viscosity of the molten pool
rise, which in turn restricts the escape of the gas, and a large number of WC particles into
the molten pool. Burnout decomposition will occur to form W,C and C, and C atoms and
O atoms, in the air reaction precipitation of CO and CO;, the chemical formula seen in
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Formulas (2) and (3) [36], making 60% of WC additions to the coatings produced defects
such as pores and cracks, from the coatings colour, with the increase in WC powder content,
the coatings metal gloss is reduced, which is due to the WC ceramic powder itself was
black. This is due to the WC ceramic powder itself being black, with the increase in the
content of WC powder, AlSi1l0Mg powder addition decreased, which led to a reduction in
the gloss of the cladding layer, and the colour became darker.

2WC — W,C+C )
3C + 20, — 2CO + CO, 3)

Figure 4. Macroscopic morphology of the cross-section of different powder coatings: (a) AlSi10Mg
coating; (b) AlSi10Mg + 20% WC coating; (c) AlSi10Mg + 40% WC coating; (d) AlSi10Mg + 60% WC
coating.

This also contains a small amount of metal gas evaporated at high temperatures, these
gases in the molten pool solidification process cannot come up to overflow and remain in
the coating to form pores.

The dilution rate is a key parameter to judge the quality of the cladding layer. If the
dilution rate is small, it will lead to poor metallurgical bonding between the cladding layer
and the substrate, and it is easy to peel off; if the dilution rate is too large, it will lead to a
large number of elements in the substrate precipitation into the cladding layer, which will
weaken the performance of the cladding layer. The cross-section of the cladding layer is
shown in Figure 5, and the dilution rate is calculated as shown in Equation (4).

W

)
’

Figure 5. Schematic cross-section of the coatings.
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Where W is the melt width of the melt pool, H is the height of the cladding layer, h is
the height of the melt pool, and p is the dilution rate of the cladding layer.

m x 100% )

~H
~ H+h

Figure 6 shows the parameters such as melt width, melt height, melt depth, and
dilution rate for four different powder ratios. It can be seen that, in the case of four different
powders coated with the optimal process parameters under orthogonal optimisation, the
melting height tends to increase with the increase in WC content, and the melting depth
and dilution rate also increase, which is due to the high metallic gloss of aluminium, laser
cladding, laser, and aluminium substrate contact with a large number of light sources’
refraction occurs in the process of laser coefficient utilisation is poorer, and WC joining
makes the reduction of the metallic gloss, the laser coefficient of utilisation rate increases,
the temperature in the cladding layer rises, the depth of fusion becomes deeper, and the
dilution rate increases.
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Figure 6. Melt width (mm), melt height (mm), melt depth (mm), and dilution rate (%) parameters for
four different powder ratios.

3.2. Phase Analysis

A German Bruker D8 Advance type X-ray diffraction (XRD) was used to scan the
coating for physical analysis with a voltage of 40 kV, a current of 40 mA, a step size of 0.02,
and a step rate of 0.2 s/step. the XRD results were then physically analysed using the Jade
6.5 software, and the resultant XRD diffraction pattern is shown in Figure 7.

As can be seen from the figure, there are obvious Al and Al,O;3 diffraction peaks, as
well as a small number of SiC diffraction peaks in the coating tissue without the addition
of WC ceramic powder; this is due to the fact that a small number of SiC particles in
the substrate floats upward in the process of laser fusion cladding, appearing in the
substrate and the combination of coatings, Al is very easy to oxidate, generating Al,O3,
the reaction formula is shown in Formula (5). When AlSi10Mg powder is added, the
physical phase in the coating changes, and a new diffraction peak appears. WC powder
is added, the coating phase changes, new diffraction peaks, and WC firing production
of W)C and C, C and Al and Al’s oxide Al,Oj3 reaction to generate Al4Cs. The reaction
formula is shown in Formula (6), with the WC content continuing increase to 40% WC
additions, the coatings appeared in the new phase of Al;SiCy4, which is because with the
increase in the WC content of the coatings absorbs more heat, and when the melt pool
temperature is higher than 1670 K, SiC in the substrate reacts in situ with Al and Al,C3
as shown in Formulas (7) and (8), and produces Al;SiCy [38]. The increasing W and C
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elements decomposed in the melt pool react with the Al and Si atoms to produce more
carbides, which have higher hardness, and therefore the microhardness of the coatings is
significantly improved compared to the coatings of the no WC addition group, increasing
the wear resistance of the coatings. At the same time, the solid solution may produce lattice
distortion will also hinder the occurrence of dislocation movement, further enhancing the
wear resistance of the cladding layer.

2A1 4 30, — ALOs (5)
4Al +3C — ALGC; 6)
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Figure 7. XRD patterns of coating with different WC additions.

3.3. Microstructure Analysis

JSM-7610F plus Scanning Electron Microscope (SEM) and energy spectrometer (EDS)
were used to observe the micro-morphology and elemental distribution. The different areas
of the three coatings were scanned for micro-morphology using SEM and Figure 8 shows
the micro-morphological microstructure of the four fused coatings.

From Figure 8a—c, it can be seen that the microstructure of the top of the AlSi10Mg
cladding layer mainly consists of a large number of granular cellular grains; the microstruc-
ture of the middle of the cladding layer shows dendritic grains with an upward growth
direction, and the bottom of the cladding layer consists of rod-like cytosine crystals, which
contain SiC particles in the substrate, which is mainly due to the fact that the laser cladding
is a fast warming and cooling process, and the top of the cladding layer dissipates heat to
all sides after laser cladding, and there is no restriction on the direction of grain growth
so that granular cytosine is formed. In the solidification process of laser cladding, the
microscopic grain structure is related not only to the temperature gradient (G) between the
solid-liquid interface but also to the rapid solidification rate (S) during the melting process,
where the value of S gradually increases from the bottom to the top of the coating. The
larger the G/S value is, the coarser the grain structure is, while the smaller the G/S value,
the finer the grain structure [39].
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Figure 8. Micro-morphological images of four coatings: (a—c) AlSi10Mg; (d—f) AlSi10Mg + 20% WC;
(g-i) AlSi10Mg + 40% WC; (j-1) AlSi10Mg + 60% WC.

As can be seen from Figure 8d-i, when WC was added into AlSi10Mg powder as a
reinforcing phase, the morphology of the grains changed due to the change of the physical
phase, and the production of the secondary crystal axes started, which was due to the fact
that after the addition of WC, a lot of metal compounds and carbides were produced, such
as W,C, Al4Cs, and Al4SiCy, which altered the original microstructure of the AlSi10Mg
coating. Comparing Figure 8a,d,g, the morphology of the cellular grain at the top of
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the coating changed after the addition of WC, the cellular grain was no longer regular
granular but appeared honeycomb, and the carbides such as WC and W,C appeared in the
coating, and the cellular grain appeared in the middle of the layer, which can be seen in
Figure 8b,e,h, which indicated that the intermetallic compounds and carbides formed by
the addition of WC particles and their decomposition. These compounds provide more
efficient and effective solutions to the problems of the AlSi1l0Mg coatings, and they are not
only the most important for the fusion of the AlSi10Mg and Al4SiCy layers, but carbide,
these compounds provide more nucleation sites, which leads to non-uniform nucleation
during solidification, hinders the growth of dendrites and obtains smaller grains, refines the
grains of AlSil0Mg coating, generates the needle-like substance Al;C3 [38], and generates
the flaky new phase of Al;SiC4 when the content of WC reaches 40%; however, the WC also
leads to the emergence of a large thermal expansion coefficient, reducing the mobility of the
melt pool and generating a small number of porosities. Comparing the bottom Figure 8c f,i,
it can be clearly seen that the grains are refined, on the one hand, due to the addition of
WC to refine the grains, and on the other hand, due to the addition of WC to reduce the
metal lustre of the molten pool absorbed more heat inside the molten pool, and this heat
provides energy for the new nuclei.

As can be seen from Figure 8j-1, When the WC content reaches 60%, significant changes
occur in the grain morphology of the cladding layer. A considerable amount of WC forms
W;,C compounds, leading to the formation of numerous new nucleation points around
W,C and Al4C3. In addition to vertically growing cell crystals and dendrites along the
growth direction, transverse dendrites also develop at the top of the cladding layer due
to newly generated nucleation points that impede vertical grain growth. The presence of
solid solutions containing aluminum (such as W, Mg, and Cu atoms) in the cladding layer
contributes to solution strengthening, resulting in a shift in grain growth direction within
the middle region of the cladding layer and inducing grain dislocation. Consequently,
grains grow in multiple directions while interactions between phase interfaces and grains
exert a pinning effect, thereby refining and fining down microstructure.

3.4. Distribution of Element

The energy spectrum analysis and scanned elemental distribution of the two types of
coatings, AlSi10Mg and AlSi10Mg + WC, were carried out by using an energy spectrometer
EDS, and the results of energy spectrum analysis and their elemental distributions of
the regional surface scans of the AlSi10Mg and AlISi10Mg+WC coatings are shown in
Figures 9 and 10, respectively.

From Figure 9 EDS surface scan of AlSi10Mg coating, we can see the distribution of
each element, the main distribution of the coatings has Al, Si, C, Mg, and Cu elements,
as well as some oxides, in which Mg, Cu elements are diffusely distributed in the whole
area, and Mg, Cu elements originally belong to the matrix, which indicates that under
laser conduction, the convection in the molten pool makes the elements in the matrix
metallurgical bonding with the cladding layer. Therefore, Mg and Cu elements can be
detected in the whole cladding layer. Combined with the EDS spectroscopy detection, the
results are shown in Table 9, EDS spectroscopy scanning Al is rich in Si and C elements,
and the atomic ratio is close to 1:1, it can be deduced that it is SiC particles, the at.% ratio of
Al and O is also close to 2:3.

It can be deduced that it is oxides such as Al,O3, A2 cellular grains are mainly
dominated by the elements of Al and C, and the grain boundaries of A3 are rich in the
element of Si, The A3 grain boundary is rich in Si elements. It can be inferred that grains are
Al-solid solution, and solid solution particles are Si, C, Cu, Mg, and other elements, due to
the high temperature of laser cladding and convection in the molten pool, the SiC particles
in the matrix floated upward, and the unmelted SiC particles appeared in the middle of the
cladding layer, which improved the hardness and wear resistance of the coating.
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Figure 9. EDS map analysis of each element of AlSi10Mg coatings; (A1) SiC point scan; (A2) Cellular
crystal point scan; (A3) Grain boundary point scan.

Figure 10. EDS map analysis of each element of AlSi10Mg+WC coating: (A4) Al;C3 point scan;
(A5) Carbide such as WC and W, C point scan; (A6) Al;SiC4 point scan.

As can be seen from Figure 10 EDS surface scan of AlSilOMg+WC coatings. After
the addition of WC, WC decomposed under the thermal effect of the laser beam and the
liquid molten pool, and new substances were generated. It can be seen that the Mg and
Cu elements are still diffusely and uniformly distributed in the coatings, the C element is
enriched on the needle-like precipitates, and the W element and the Si element are also
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distributed in the coatings, but they appear to be enriched in some areas. The results are
shown in Table 10 in combination with the EDS energy spectrum.

Table 9. Energy spectrum detection of AlSi10Mg coatings.

Al Si C o Cu Mg

wt% 1444 5025 28.75 6.56 ] ;

Al at.%9.34 37.25 38.32 15.09 ; ;
W% 74.87 3.68 7.90 132 1058 1.64
A2 at.% 71.51 338 16.95 213 429 1.74
Wt.% 61.63 1845 9.13 6.94 236 148
A3 at.% 52.49 17.09 17.89 10.22 0.87 144

Table 10. Energy spectrum detection of AlSil0Mg + WC coatings.

Al Si C (0] Cu Mg \4
wt.% 49.18 5.51 23.49 5.46 7.37 235 6.64

Ad at.% 43.25 3.68 37.75 6.20 233 138 541
wt.% 18.96 14.28 12.22 7.31 ; - 47.23
A5 at.% 23.88 17.28 34,59 15.52 ; - 8.73
wt.% 51.34 7.4 20.41 12.35 243 343 2.80

Ab at%41.25 8.68 46.75 113 0.40 0.38 141

From the EDS spectrum, A4 area elements can be seen, Al elements and C elements are
heavily enriched, and the atomic ratio is approximated to 4:3. By combining with the XRD
spectrum, we can see that the needle-like material is Al4C3, A5 area atoms of W content
of 8.73 at.%, and C elements of the atomic content of 34.59 at.%;The reason may be that
the melting pool temperature exceeds the melting point of WC particles, which makes
part of the WC particles dissolve, and some of the W elements are burned, generating
unfused WC and carbides such as W,C. The A6 area can be seen through the spectral
analysis of the atomic mass ratio of the Al, Si, and C elements, about 4:1:4, which can be
roughly judged to be Al4SiCy, the morphology is a lamellar structure, and the hardness
and abrasion resistance of coatings are both significantly improved by Al4C; and Al4SiCy.

3.5. Microhardness Analysis

Huayin HV-1000A digital microhardness tester was used to measure the microhard-
ness of the substrate and the three coatings, with an applied force of 200 N and a dwell
time of 15 s. Figure 11 shows the Vickers microhardness distribution of the coatings of
AlSi10Mg powder and different proportions of the WC ceramic powder additions in a
line graph, and the microhardness values were measured from the top of the coatings to
the direction of the substrate depth at intervals of 0.2 mm. The average hardness value of
the three points is taken as the final hardness value of the point, and two more points are
taken above and below the same point for three measurements. The hardness map can be
divided into two parts from left to right: the cladding zone (CZ) and the substrate (5Z).
Overall, the distribution of hardness curves for different WC additions to the coatings has a
similar trend of increasing and then decreasing, while the AlSi10Mg powder hardness line
graph is gradually increasing. The hardness of the added WC ceramic powder is greater
in the coatings zone, followed by the heat-affected zone, and the substrate is the lowest,
while the AlSi10Mg coating is the coatings zone where the hardness is lower than the
substrate hardness.
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Figure 11. Microhardness distribution curve.

It can be seen from the figure that the highest hardness point did not occur in the
surface layer. This is because, in the cladding process, the surface layer of the powder
has been absorbing laser energy, generating a large amount of heat, in which the alloying
elements Al, W, etc., at high temperatures sintering occurs, and the surface hardness is
reduced. The hardness of the upper part of the cladding layer is higher than the lower part
because the upper part of the cladding layer is in contact with the atmosphere, the cooling
crystallisation rate is fast, the grain size is small, and the formation of fine crystalline
reinforcement and increase hardness; add WC ceramic powder, the cladding layer micro-
hardness are higher than the substrate, this is because of the addition of the WC powder
and the substrate in the high-temperature melting of the SiC. The WC decomposition
out of the W atoms and C atoms solidly dissolved in the formation of the Al substrate
solid solution.

Strengthening enhances the hardness of the cladding layer, the decomposition of C, Si
to form Al4C3, Al4SiCy, and other hard phases, the formation of the second strengthening,
uniformly distributed in the cladding layer, and the formation of diffuse strengthening to
further enhance the cladding layer microhardness. The hardness of the cladding layer in
the figure has a large gap in which the average hardness of the matrix, AlISil0Mg powder,
20% WC, 40% WC, and 60% WC powder cladding layer is 171.61 HV, 124.20 HV, 182.74 HV,
283.77 HV, and 310.37 HV, respectively, compared to the hardness of the matrix of 171.61 HV,
20% WC cladding layer. The hardness of 20% WC coatings increased 1.06 times, 40% WC
coatings increased 1.65 times, and 40% WC coatings increased 1.8 times, while the hardness
of AlSil0Mg powder coatings was lower than that of the substrate, which is because the
substrate contains SiC hard particles. The coefficient of thermal expansion of SiC particles
is lower than the coefficient of thermal expansion of aluminium, and in the solidification
process, the accumulation of SiC particles around the particles will generate a large number
of thermal. During solidification, the SiC particles will accumulate around the SiC particles
to produce a large number of heat-altering dislocations, and at the same time, the SiC
particles will inhibit the grain growth of aluminium crystals and reduce the grain size of
the aluminium alloy.

3.6. Wear Performance Analysis

The friction factor of the coating was tested by MFT-5000 friction and wear tester, the
friction and wear curves obtained are shown in Figure 12.
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Figure 12. (a) Friction wear curves for different coatings; (b) wear weight loss diagram for different
coatings.

Figure 12a,b show the friction and wear curves of several different coatings and sub-
strates over time and the wear loss graphs before and after the specimen tests, respectively.
It can be seen that there are two stages of initial run-in and steady wear for several coatings.
Among them, the friction wear curve of AlSi10Mg coating has been in a large fluctuation
state, and the wear curve of the substrate tends to stabilise after about 400 s, the wear curve
of the coating with 20% WC added tends to stabilise after about 500 s, the wear curve
of 40% WC tends to stabilise around 200 s, and the wear curve of 60% WC goes to the
steady stage around 20 s. This is due to the fact that AISi1OMg coating hardness is low,
from the initial stage of frictional wear coating which has a large amount of wear, Si3Ny
ceramic ball friction vice, and the sample surface of the micro-convex body of the collision
between friction, the contact stress caused by the friction coefficient fluctuations. The
convex body was worn flat, the ceramic ball and the coating of the contact area increased,
the pit deepened, the friction between the contact surface also increased, and the coefficient
of friction is the largest of the groups of data and the least resistant.

The largest, but also the least wear-resistant group due to the substrate is 15% SiCp/2009Al.
The substrate contains SiC ceramic particles, the hardness is enhanced, and the surface
roughness increases; the friction factor cannot tend to a stable stage in a short time, and
occasionally there are fluctuations, it may be the friction side of the ceramic ball in contact
with the SiC ceramic particles, the coating will play a role in the addition of 20% WC-40%
WC solid solution strengthening and diffusion strengthening role, the generation of hard
phase carbide improves the hardness and wear resistance of the coating and the friction
factor is also reduced.With the increase in WC content, the hardness continues to improve
and the coating surface will be a flaking phenomenon, increasing the friction between the
friction sub and the coating, but instead of the friction factor appearing in the 60% WC
additions to the coating is higher than the 40% WC content of the coating. In turn, it can be
shown that the hardness is not the higher the better.

From the tests, it can be seen that under the same load, the average coefficient of
friction of 15% SiCp/2009Al substrate, A1Si10Mg coating, AlSi10Mg + 20% WC coating,
AlSi10Mg + 40% WC coating, and AlSi10Mg + 60% WC coating are 0.54, 0.43, 0.39, 0.31, and
0.36 specimens, respectively. The observation was consistent with the friction coefficient
results that specimens with a lower friction coefficient also exhibited a lower wear loss [40].
The wear was 9.36 mg, 23.47 mg, 6.13 mg (34.5% reduction compared to the substrate),
4.58 mg (51.06% reduction compared to the substrate), and 7.35 mg (21.47% reduction
compared to the substrate), respectively.

The SEM microscopic morphology of 15% SiCp/2009Al substrate, AISi10Mg coating,
AlSi10Mg + 20%WC coating, AlSi10Mg + 40%WC coating, and AlSi10Mg + 60%WC coating
at different magnifications after surface friction are shown in Figure 13a—j, respectively, and
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the main wear in the coatings is the abrasive wear and the adherent wear, as can be seen
in Figure 13a,b.The wear characteristics of the substrate are mainly flaking and friction
grooves there are some irregular pits and a small number of plough grooves with attached
abrasive debris on the abrasive marks on the surface of the substrate. This is because the
matrix and the friction pair contact adhesion and plastic deformation.

In Figure 13c¢,d, it can be seen that the surface of the coating has a large number of
flaking and plough grooves, and there is a slight depression, the coating is very soft in
texture, and the abrasion resistance is Very poor, Si3Ny ceramic ball friction vice adhe-
sion with the coating, adhesion point tearing, plastic deformation of the coating; from
Figure 13e{, it can be clearly seen that the coating grooves become shallower, accompanied
by a small amount of spalling; this is because of the addition of WC in the coating to make
the hardness of the coating increased, compared with the substrate and AlSi10Mg coating
wear resistance increased.

Figure 13. Cont.
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() [

Figure 13. Wear morphology and microstructure of four coatings: (a,b) substrate; (c,d) AlSi10Mg;
(e,f) AlSi10Mg + 20% WC; (g,h) AlSi10Mg + 40% WC; (i,j) AlSi10Mg + 60% WC.

Figure 13g,h show that the content of WC continues to increase and the hardness
continues to increase; due to the high hardness, there is no spalling, only slight scratches
and some particles, which is due to the production of hard compounds in the coating, so
that the wear mechanism becomes abrasive wear and the abrasive marks become narrower,
with better abrasion resistance. Figure 13i,j show in the 60% WC additions, although it
makes the coating hardness higher and there are no obvious grooves, there is a flaking
and the coating toughness decreases, increasing the possibility of coating cracking, and the
performance is rather reduced [40].

Roughness is also an important parameter to reflect the quality of coating fusion.
The higher the roughness [41], the softer the coating texture, the increased contact area
between the friction vice and the coating surface, the wear resistance is reduced, and
the quality of the coating decreases. The 3D contour of the friction wear was obtained
by using the super depth of field microscope, and the ends of the friction wear grooves
of the coated coating were marked with two points and analysed, respectively, for 15%
SiCp/2009Al substrate, AlSi10Mg coating, AlSi10Mg + 20% WC coating, AlSil0Mg + 40%
WC coating, and AlSi10Mg + 60% WC coating. WC coating, AISi10Mg + 40%WC coating,
and AlSi10Mg + 60%WC coating. The analysed morphology diagram is shown in the
Figure 14a—e.
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Figure 14. Friction and wear morphology and microstructure of the four coatings. (a) Substrate;
(b) AlSi10Mg; (c) AlSi10Mg + 20%WC; (d) AlSi10Mg + 40%WC; (e) AlSil0Mg + 60%WC.

From the above Figure 14, it can be seen that the coating cross-section curves are all low
in the middle and high on both sides, showing a concave tendency; the concave tendency is
Rz(b) > Rz(e) > Rz(a) > Rz(c) > Rz(d) in descending order, the highest degree of concavity is
323.39 pm for the AlSi10Mg coating Rz(b), and the lowest degree of concavity is 32.87 um
for the AlISi10Mg + 40% WC coating Rz(d) 32.87 um; and the roughness size from high
to low is Ra(b) > Rz(a) > Ra(e) > Ra(c) > Ra(d), the largest coating roughness is 78.06 um
for AlSi10Mg coating Ra(b), and the smallest one is 7.53 pm for AlSi10Mg + 40%WC
coating Ra(d). The analysis of the two data sets and the coating weight loss Figure 14b
reveals that the AISi10Mg coating exhibits low hardness, with a significant accumulation of
coating powder in the friction pair resulting in high weight loss. Consequently, the coating
demonstrates poor hardness and limited wear resistance. However, upon incorporating
40% WC ceramic powder into the coating, there is a substantial increase in its hardness
while minimising powder adhesion in the friction pair and reducing weight loss to a
minimum. This optimised performance can be attributed to WC powder’s higher melting
point compared to AlSil0Mg powder coating.
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4. Conclusions

(1) The exploration of laser cladding process parameters and the optimisation of
orthogonal tests through the selection of the lowest dilution rate and suitable melt width, as
well as a comprehensive analysis of the macro-morphology, the optimal process parameters
were finally determined to be P = 4400 W, V;=11.3 g-min~!, and Vs = 1800 mm-min~!.

(2) By incorporating WC enhanced phase, the cladding layer facilitates the reaction
between metal elements and WC, resulting in an abundance of hard compounds within the
coating. This leads to the emergence of new phases such as W,C, Al4Cs, and Al4SiCy in the
cladding layer. Additionally, there is an increased presence of nucleation particles and a
distribution of WC at grain boundaries. Consequently, this delays grain growth and refines
the microstructure of the coating, ultimately improving its overall quality. Simultaneously,
by introducing solid solution strengthening through aluminum’s incorporation with atoms
like W, Mg, and Cu in the cladding layer; it causes a shift in grain growth direction
within the middle region of the said layer while inducing dislocation among grains. The
interaction between phase interfaces and grains exhibits a pinning effect that further
enhances microstructural refinement by promoting multi-directional grain growth.

(3) The average hardness and abrasion resistance of the coatings increased with the
increase in WC additive amount, and when the additive amount was 40%, the macroscopic
morphology was good, and no spalling was found in the friction and wear morphology,
and the lowest friction factor, which indicated that the abrasion resistance was the best;
however, when the additive amount was 60%, there were obvious macroscopic cracks in
the coatings and obvious spalling in the friction and wear morphology, and the quality of
the coatings was reduced. The result is consistent with experimental predictions.
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Abstract: Laser remelting technology effectively repairs defects such as pores and cracks in the coating.
To investigate the impact of laser remelting on high-entropy alloy coatings, this study used Q235 steel
as the substrate and employed laser cladding technology to prepare FeCoNiCrAl high-entropy alloy
coatings, followed by laser remelting treatment. The phase composition and microstructure of the
coatings were extensively characterized using equipment such as optical microscopy, X-ray diffraction
(XRD), and scanning electron microscopy (SEM). Additionally, the wear resistance and corrosion
resistance of the coatings were tested using a multifunctional material surface performance tester,
an electrochemical workstation, and SVET (Scanning Vibrating Electrode Technique). The results
indicate that following laser remelting treatment, the atomic proportion of Fe elements on the coating
surface decreased from 33.21% to 26.03%, while the atomic proportion of Al elements increased from
12.56% to 20.31%. The phase composition of the coating underwent a marked transformation, shifting
from a structure composed of FCC, A2, and B2 phases to a singular BCC structure characterized
by the presence of A2 and B2 phases. Concurrently, the grain morphology on the coating surface
transitioned from elongated plate-like grains to equiaxed grains. Laser remelting enhanced the wear
resistance of the coating. Laser remelting had no significant impact on the corrosion resistance of the
non-cracked regions of the coating.

Keywords: high-entropy alloys coatings; laser cladding; laser remelting; corrosion; microstructure

1. Introduction

As the industrial sector advances, the demand for metal materials in industrial settings
has become increasingly rigorous. Merely altering the composition and structure of the
material is insufficient to fully enhance numerous properties of the material. By preparing
a protective coating on the surface of the matrix material, the properties of the matrix
material are maintained and the abrasion and corrosion resistance of the material in the
service environment is improved [1]. The combination of high entropy, slow diffusion,
lattice distortion, and cocktail effects such as excellent corrosion resistance [2], high mi-
crohardness [3], good abrasion resistance [4], and excellent high-temperature antioxidant
properties [5] makes high-entropy alloys a promising option for protective coating additive
manufacturing. Different techniques can be employed to create high-entropy alloy coat-
ings, such as magnetron sputtering [6], cold spraying [7], plasma spraying [8], high-speed
oxygen fuel spraying [9], electrochemical deposition [10], and laser cladding [11]. Laser
cladding has a strong bond with the substrate, making it a popular choice for the fabrication
and exploration of high-entropy alloy coatings [11].

Rapid heating and cooling during laser cladding causes thermal stress to the coating
material. Various components of the material may enlarge and shrink at varying speeds,
resulting in fissures appearing on the surface [12]. Undoubtedly, repreparing the coating
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increases costs, so there is an urgent need to find a cost-effective solution. In order to repair
surface defects and enhance material properties, laser modification technology is widely
applied in the field of materials [13]. Laser remelting is a commonly used technique in laser
modification. By combining laser rapid solidification and chemical (Sr) modification, Ghosh
et al. [14] synthesized a fully eutectic Al-Si microstructure with heavily twinned silicon
nanofibers, which has high hardness up to 2.9 GPa and high compressive flow strength
(~840 MPa) with a plastic flow that stabilizes to approximately 26% plastic strain. Wu
et al. [15] combined the advantages of laser remelting and micro-arc oxidation to prepare
a graded structure wear-resistant coating on the surface of titanium alloy, enhancing the
wear resistance of the titanium alloy surface. Wang et al. [16] used laser cladding and laser
remelting to fabricate iron-based amorphous coating on H13 steel. The results showed
that the cracks and stomata defects on the coating decreased significantly. Jin et al. [17]
prepared iron-based amorphous and nanocrystalline coatings by plasma spraying and
performed laser remelting. Chen et al. [18] improved the density and surface quality of
FeCrCoNiAly ¢ high-entropy alloy coatings; in order to do this, the coating was prepared
and laser remelted using high velocity oxygen fuel (HVOF). The results showed that
the friction coefficient of the remelting coating was significantly lower than that of the
HVOF coating and no sputtering stratification or cracks were observed in the remelted
coating. Some studies indicate that laser remelting technology also enhances the corrosion
resistance of the material surface. Al-Sayed et al. [19] conducted laser surface treatment on
Ti-6Al-4V alloy. Laser treatment produced a transformed layer with acicular martensite
of-Ti as a result of the recrystallization of the fully lamellar « +  microstructure of the
substrate. The results indicated that ultra-short pulses (in nanosecond scale) from a Nd:YAG
laser effectively enhanced the corrosion resistance of this alloy in acidic media (Ringer’s
solution). Liu et al. [20] conducted laser remelting treatment on the surface of TA15 alloy.
The results indicate that as energy density increases, the corrosion rate decreases first
and then increases. With an energy density of 8.75 J-cm 2, the surface corrosion rate was
20.43 times slower than that of the untreated sample.

Currently, there is a lack of research into laser remelting to improve the coating of
high-entropy alloy. Further investigation is necessary to determine the alterations in the
element distribution, microstructure, and properties of the coating following remelting.
AlCoCrFeNi HEA systems have attracted increasing attention due to their light weight and
low cost [21]. Coaxial powder feeding laser cladding was used to create a high-entropy
alloy coating of FeCoNiCrAl on Q235 steel in this study. In this study, the Scanning
Vibrating Electrode Technique (SVET) was employed in addition to the kinetic potential
and electrochemical impedance techniques typically utilized in prior research to gauge and
analyze the corrosion potential produced by the microregion of the remelted coating. The
influence of remelting on the corrosion resistance of the coating was further explored due
to SVET’s capability to display local cathode and anode reactions [22].

2. Experimental Procedures
2.1. Materials

Laser cladding was employed to create a coating of FeCoNiCrAl high-entropy alloy.
Using a Q235 plate of 130 mm x 130 mm x 10 mm as a substrate, the cladding material was
FeCoNiCrAl High-Entropy Alloy Powder with 53-105 pm diameter produced by vacuum
atomization of cladding. (See Figure 1).

2.2. Laser Cladding and Laser Remelting Process

Before the thermal spraying process, the oxide film on the substrate surface was
polished using a grinding wheel, and any grease was removed by cleaning with anhydrous
ethanol. The substrate was preheated to 200 °C, with a laser power of 1200 W, a scanning
speed of 300 mm/min, a spot diameter of 4 mm, and the use of coaxial powder feeding at
a rate of 20 g/min. The entire process was carried out under an argon gas shield with a
flow rate of 2 L/min. The laser remelting was performed at a power of 800 W, a scanning
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speed of 500 mm/min, and a spot diameter of 4 mm. To reduce surface roughness and
ensure uniformity, the scanning direction was perpendicular to the direction of the thermal
spraying [23], as shown in Figure 2:

Counts

Al

0
=
&
@ 7

Energy(keV)

(b)

Figure 1. FeCoNiCrAl high-entropy alloy powder: (a) micromorphology; (b) element content.

r_ Gas

Substrate

(a)

Figure 2. Schematic representation of laser cladding and remelting: (a) laser cladding with coaxial

powder feeding; (b) laser remelting direction.

2.3. Characterization

Following the process of cutting the laser cladding and remelting the coating to a
thickness of 10 mm x 10 mm X 10 mm, sanding and polishing the coating’s cross-section
using wire cutters, and corroding it with king water (hydrochloric acid: nitric acid = 3:1), the
microstructure and phase composition of the coated samples were subsequently examined
using optical microscopy (Axio Scope Al), scanning electron microscopy (JSM-6510LA),
and an Ultima IV X-ray diffractometer (XRD). The X-ray diffraction analysis focused on the

(b)

Cu target, which had a scanning rate of 0.02° /s and a scanning angle from 20° to 80°.

An HVS-1000A Micro Vickers scale hardness meter was used to measure the hardness
of the coating cross-section, which was then measured at a distance of 0.1 mm from the
substrate to the top of the coating. The coating had a payload of 200 g and a retention
time of 15 s. The friction performance of the coating was assessed using the MFT-4000

multifunctional material surface performance tester.

ZenniumE4 electrochemical workstations were used to conduct electrochemical corro-
sion experiments on the samples, with the saturated glycerine electrode as the reference
electrode and the platinum electrode as the three-electrode measurement system. A Prince-
ton VersaSCAN Microscan Electrochemical Workstation (AMETEK, Inc., Berwyn, PA, USA)
was utilized for microelectrochemical testing, with potentiometric scanning ranging from
—1to 1.5V, frequency ranging from 0.01 to 10° HZ, and scanning speed of 0.001 V/s. An
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investigation was conducted on the microcorrosion of coatings in SVET technology. The
frequency selection was set at 5 KHz, the scanning area spanned 1 mm x 1 mm, and the
step length measured 40 pm.

3. Results
3.1. Pahse

The XRD spectra of FeCoNiCrAl HEA powders and coatings are shown in Figure 3.
The powders exhibit a single BCC structure, including an Al-Ni-rich BCC(B2) phase, and a
Fe-Cr rich disordered BCC(A2) phase. The HEA coating prepared by laser melting contains
FCC, A2, and B2 phases. After the coatings were treated by laser remelting, the diffraction
peaks of the phase representing FCC disappeared, and only the peaks of the A2 and B2
phases were detected in the XRD tests. Based on the Bragg equation, the lattice parameters
of the FCC, A2, and B2 phases were calculated as shown in Table 1.
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Figure 3. XRD diffraction pattern.
Table 1. Lattice parameter (A).
Sample FCC A2 B2
Cladding coating 3.581 2.872 2.871
Remelting coating 2.875 2.873

3.2. Microstructure Characterization

Figure 4 shows the cross-sectional morphology of laser cladding under an optical
microscope, and there are apparent bonding lines between the coating and substrate.
The bottom and middle parts of the coating are mainly dominated by dendritic crystal
distribution, containing a small number of columnar crystals. As the distance from the
substrate increases, columnar crystals and equiaxed crystals begin to appear in the upper
and middle parts of the coating. Figure 5 shows the EDS scan of the elemental content of
the coating cross-section. From the line scan results, it can be seen that during the laser
cladding process, due to the dilution effect, the Fe in the coating diffuses into the coating,
and with the increase in the distance from the substrate, the Fe elemental content decreases
gradually, and the content of the Al element in the coating increases, thus promoting the
transformation from dendritic crystals to equiaxed grains. (See Table 2).
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Figure 4. Cross-sectional microstructure of the coating: (a) midsection of the coating; (b) top section
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Figure 5. Elemental distribution in the cross-section of the coating: (a) linear scanning (b) selected
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area scanning.

Table 2. EDS results of FeCoNiCrAl high-entropy alloy coatings (At%).

Fe Co Ni Cr Al
A 39.77 14.96 13.55 14.69 17.03
B 32.50 18.13 12.74 16.31 20.31
C 31.65 17.46 17.39 14.65 18.85

Figure 6a shows the micromorphology of the surface of the FeCoNiCrAl high-entropy
alloy coating prepared by laser melting cladding, which is mainly distributed with elon-
gated plate-like grains and some fine grains. After the coating was laser remelted as shown
in Figure 6b, the grain structure of the coating surface was transformed into equiaxed
grains. To determine whether there is any elemental segregation on the coating surface, the
coating before and after remelting was analyzed by surface scanning, and the results are
shown in Figures 7 and 8. It can be seen that there is no obvious elemental segregation in
the coating before and after remelting, and the five elements of Fe, Co, Ni Cr, and Al are
uniformly distributed in the grain boundaries. However, the proportion of each element
in the coating changed significantly after remelting. After remelting, the atomic ratio of
Fe decreased from 33.21% to 26.03% and the atomic ratio of Al increased from 12.56%
to 20.31%, which may be the reason for the transformation of the grain structure of the
coating surface.
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Figure 7. EDS mapping of FeCoNiCrAl high-entropy alloy coatings: (a) cladding coating; (b) Fe;
(c) Cr; (d) AL (e) Co; (f) Ni.

Figure 8. EDS mapping of FeCoNiCrAl high-entropy alloy coatings: (a) remelting coating; (b) Fe;
(¢) Cr; (d) AL (e) Co; (f) Ni.
3.3. Microhardness and Wear Resistance of Coatings

Figure 9 shows the microhardness distribution of the laser cladding coating and laser
remelting coating. The hardness test is conducted at 12 point intervals, with each interval
measuring 0.1 mm from the junction of the coating and substrate, perpendicular to the

96



Coatings 2024, 14, 49

direction of the cross-section to the coating’s surface. The diagram indicates that the
coating and substrates have a hardness of approximately 250 to 300 Hvg, at the junction
and 500 to 600 Hv, at a distance of 0.4 mm to 0.6 mm from the coating’s surface. The
remelting area experiences a gradual increase in microhardness, specifically within the
range of 0 to 0.4 mm from the coating’s surface. The coating exhibited a microhardness
of 613 Hvy, and 754 Hvy,, correspondingly, until it underwent fusion and subsequent
remelting. The laser-remelted coating exhibited a 23% increase in hardness in comparison
to the non-remelted coating.
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Figure 9. Hardness distribution across the coating cross-section.

Figure 10 shows the friction coefficients of the coating surface after 15 min of recipro-
cating friction experiments. The laser-remelted coating exhibits a lower friction coefficient
of 0.345, whereas the non-remelted coating has an average friction coefficient of 0.431. To
provide a more intuitive representation of the wear resistance of the coating, measurement
of the wear volume of the coating was conducted. A profilometer was utilized to measure
the cross-sectional area (s) of the wear track along a direction perpendicular to the direction
of the frictional wear, as illustrated in Figure 11. The measurement was performed three
times, and the average value was calculated. The formula for calculating the wear volume
(V) is as follows:

V=sxh

where & is the wear scar length and s is the wear scar cross-sectional area.

Following the remelting treatment of the coating, there was a reduction in wear volume.
The coating that underwent remelting exhibited a smaller wear volume of 2.55 x 10~ cm?,
whereas the unmelted coating displayed a larger wear volume of 7.45 x 10~4 cm?. It was
observed that the wear resistance of the coating is directly proportional to its hardness. The
laser remelting process can significantly enhance the wear resistance of the FeCoNiCrAl
high-entropy alloy coating, possibly attributable to the enrichment of Al and Ni within the
grain interiors after remelting, leading to the formation of hard phases.
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Figure 11. Schematic representation of wear experiment.

3.4. Corrosion Test

In order to investigate the impact of remelting on the corrosion resistance of the
coating, electrochemical corrosion tests were conducted on both the substrate and the
coating in a 3.5% wt NaCl solution. Figure 12 shows the potentiodynamic polarization
curves for the coating and the Q235 substrate, and Tafel extrapolation was employed to
determine the relevant parameters.

Figure 12 shows that the FeCoNiCrAl high-entropy alloy coating prepared by laser
cladding exhibits the lowest corrosion current density, which is two orders of magnitude
lower than the substrate. After remelting, the coating shows an increase in the corrosion
potential, indicating a lower susceptibility to corrosion, but there is a slight increase in the
corrosion current density. From the specific results of potentiodynamic polarization, as
indicated in Table 3, it can be observed that the corrosion resistance of the coating is not
significantly affected by laser remelting.
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Figure 12. Potentiodynamic polarization curve.

Table 3. EDS results of FeCoNiCrAl high-entropy alloy coatings (At%).

Fe Co Ni Cr
Cladding coating 33.21 19.12 18.1 17.01
Remelting coating 26.02 18.03 19.63 16.01

To further validate the corrosion resistance of the remelted coating, electrochemical
impedance testing was conducted. The alternating current impedance curve of the samples
is depicted in the graph in Figure 13, which shows the Nyquist plot of the coating in a 3.5%
wt NaCl solution. In the plot, Z' represents the real part of impedance, and Z" represents

the imaginary part. The impedance modulus Z is defined as:

\Z| =/ 27 + 21"*

)

Z"'(ohm-cm
2
2
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Figure 13. Nyquist plot.

The results, as shown in Figure 13, reveal that the HEA coating exhibits a larger
capacitive arc in the high-frequency region, while the Q235 substrate’s capacitive arc takes
a semi-circular shape, albeit smaller in radius when compared to the coating. The remelting
coating displays a significantly smaller capacitive arc radius than the cladding coating,
approximately half of the cladding coating’s radius. A larger capacitive arc radius indicates
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100000

a higher coating resistance, which can effectively protect the substrate from corrosion
damage [24]. The corrosion resistance is ranked as follows: cladding coating > remelting
coating > substrate.

Figure 14 represents a Bode plot showing the relationship between frequency and
| Z1. In an electrochemical system, the system’s resistance values change when alternating
current is applied at various frequencies. Based on the above analysis, an equivalent circuit
was constructed to describe the electrochemical reaction process. Figure 15 represents
the equivalent circuit for the three samples in a 3.5% wt NaCl solution. In this circuit,
Rs represents the electrolyte resistance and Reorr stands for charge transfer resistance,
depicting the transfer process between the clad layer and the substrate. To account for the
non-uniformity of the electrode surface, Constant Phase Element (CPE) is often used in
place of the Q element.
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Figure 14. Bode plot.
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Figure 15. Equivalent circuit.
The resistance values can be calculated using the following equation:

1
Z=RS+ ———
Yo(j, w)"

where w represents the angular frequency, j is the imaginary unit, Yy is a frequency-
independent constant, and n is the fitting exponent for the CPE (n = 1 represents ideal
capacitive behavior and n = 0 represents pure resistance). The fitted data, as shown in
Table 4, reveal that the charge transfer resistances for the Q235 substrate, the cladding
coating, and the remelting coating are 2343 Q-cm?, 91,840 O-cm?, and 59,540 Q-cm?,
respectively. The charge transfer resistance is a parameter related to the corrosion rate, and
the larger the Reorr value, the lower the corrosion rate [25]. Therefore, this further confirms
that the HEA coating exhibits excellent corrosion resistance compared to the substrate, and
laser remelting did not significantly impact the coating’s corrosion resistance.
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Table 4. EIS fitting data.

Q235 Cladding Coating Remelting Coating
Rs 24.37 6.105 15.17
Yo 401 x 1074 9.199 x 10~° 2.65
n 0.72 0.7498 0.8424
Reorr 2343 91,840 59,540

3.5. SVET Test

SVET employs microelectrodes, signal converters, and amplifiers to reduce the disrup-
tion caused by microscans, thereby enhancing sensitivity and precision in measurements.
The low destructiveness, high precision, and high sensitivity of SVET enable it to precisely
gauge the electrochemical activity of samples in limited areas [26]. The SVET assay results,
depicted in Figure 16, demonstrate the impact of immersing the laser-coated FeCoNiCrAl
high-entropy alloy coating in a 3.5 wt% NaCl solution for 48 h, followed by the combination
of 3D and 2D flat images. The 3D stereogram can be used to calculate the overall current
density, and the SVET scan line can be used to determine the corrosion activity of the
defect position, with the microanode and microcathode currents indicated by the peaks and
troughs, respectively. The two-dimensional plane diagram illustrates the dispersion of the
microanode and microcathode, indicating the diverse electrochemical reactions occurring
on the coating’s surface when chlorine ions are present. The degree of erosion of the coating
by chlorine ions can be determined by analyzing SVET 3D and 2D floor plans. In situ
observation of the FeCoNiCrAl high-entropy alloy coating in a 3.5% wt NaCl solution was
conducted using SVET, revealing its local current density.
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Figure 16. Scanning Vibrating Electrode Technique (SVET) testing: (a) cladding coating; (b) remelt-
ing coating.

The current density of the anode and cathode can be determined using the following
equations to evaluate the corrosion behavior of the coating.

X max Y max )
I = /0 /0 liz(x,y) < Oldxdy

X max Y max )
I, = /0 /0 liz(x,y) > 0]dxdy

where [ is the cathode current density and I, is the anode current density.
The coating was immersed in a 3.5% wt NaCl solution for a continuous 48 h period.
Upon analyzing the selected microregions, a significant elevation in the anodic peak was
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observed in the edge region, accompanied by substantial fluctuations in current around the
anodic peak. This is attributed to the presence of crack distribution in the edge region. In
contrast, another coating subjected to laser remelting exhibited a uniform distribution of
anodic current. SVET utilizes a microprobe to examine the material’s surface and determine
the dispersion of surface currents. The size of the surface current is related to the corrosion
reaction and state of the FeCoNiCrAl high-entropy alloys coatings. The negative current is
related to the cathode reaction and the positive current is related to the anode reaction. The
results of applying the conversion formula are displayed in Table 5.

Table 5. Anodic current density.

I,/(uA-cm—2)

Cladding coating 0.52
Remelting coating 0.63

4. Discussion
4.1. Phase Formation and Evolution

The thermodynamic parameters AH,,;, (enthalpy of mixing), § (atomic radius differ-
ence), AS,,;;; (mixed entropy), and () can be used to forecast the formation and structural
stability of HEAs [27]. The formation of the solid solute phase [28] was contingent upon the
fulfillment of —15 k] mol~! < AH,,;, <5kJ mol~! and § < 6.5%) as well as the § < 6.6%
criteria () > 1.1. Furthermore, Guo et al. [29] determined that a greater abundance of
valence electrons (VEC) (>8) was advantageous for the formation of FCC solid solutions,
whereas a smaller VEC (<6.87) was advantageous for the formation of BCC solid solutions.
This is the equation for the calculation:

AHmix =4 Z AHZ']'CI‘C]'
i=1,i#jf

n
ASmix = —RZ Cili’lci
i=1
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|AHmz'x|

>
S
Il
—_
o
o
M=
0
—
—_
|
=13
S~—
N

|
I
0=
D
<3

n

Tm = Z Ci(Tm)i

i=1

n

VEC =) _¢;(VEC),
i=1

where ¢; and ¢; are the atomic fraction of elements i and j in the alloy, R is the gas constant,

(T); is the melting point of element i, r; represents the radius of the element i, and 7 is the

average atomic radius.

The parameters of FeCoNiCrAl high-entropy alloys coatings were calculated as shown
in Table 6. After laser remelting treatment, the VEC value of the FeCoNiCrAl high-entropy
alloy coating decreased from 7.81 to 7.12, and the ¢ value increased from 3.92 to 4.81. A
small VEC was more conducive to the formation of a BCC structure. The BCC structure
could adapt to large d values with a lower strain energy penalty. The solidification rate
in laser remelting (typically 105 K/s [30]) is much slower than that in laser cladding
(~106 K/s [31]). As a result, the elements in the coatings migrated significantly, with an
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increase in the percentage of Al elements in the coatings and a decrease in the percentage
of Fe elements, leading to the transformation of the coatings from a mixture of FCC, A2,
and B2 to a mixture of A2 and B2.

Table 6. Thermodynamic parameters.

Alloy AH,,;, (kKJ]-mol—1) ASmix (J-K—1 mol—1) T (K) Q J (%) VEC
Cladding coating —7.61 12.45 1745.26 2.86 3.92 7.81
Remelting coating —9.92 12.82 1715.32 2.216 4.81 7.12

4.2. Effect of Laser Remelting on the Wear Resistance of Coatings

The process of preparing FeCoNiCrAl high-entropy alloy coatings using laser cladding
on the surface of Q235 base material is prone to defects such as porosity cracks, which
tend to promote the emergence and expansion of cracks, thus seriously affecting the wear-
resistant properties of the coatings. After remelting treatment, these defects in FeCoNiCrAl
coatings basically disappeared, and the wear resistance of the coatings was improved.

The surface analysis indicated a higher proportion of Fe elements and a lower pro-
portion of Al elements on the coating surface. After undergoing laser remelting treatment,
there was an increase in the proportion of Al elements on the coating surface. Research has
demonstrated that the elevated proportion of Al elements contributes to an improvement
in the coating’s hardness [32], consequently enhancing its wear resistance.

4.3. Effect of Laser Remelting on the Corrosion Resistance of Coatings

Laser remelting proved effective in eliminating surface defects, such as cracks and
pores, thereby reducing the inherent corrosion susceptibility of the coating. Nevertheless,
despite the positive impact on surface integrity, laser remelting did not yield a substantial
enhancement in the corrosion resistance of the coatings when subjected to NaCl solu-
tion, as evidenced by both macroscopic electrochemical tests involving kinetic potential
polarization and electrochemical impedance.

Analysis of the Scanning Vibrating Electrode Technique (SVET) plots revealed a pro-
nounced anodic current peak in the cracked region of the coating (Figure 17a), contrasting
with the low anodic current observed in the non-cracked region (Figure 17b). The uni-
form distribution of anodic current on the coating’s surface following remelting played
a pivotal role in mitigating the higher anodic current peaks associated with cracks. The
average current density in cracked and non-cracked areas, presented in Table 7, indicated a
significantly higher anodic current density in the cracked region.

Table 7. Anodic current density.

I,/(uA-cm—2)

Cladding coating (crack area) 1.257
Cladding coating 0.424
Remelting coating 0.63

The corrosion morphology of the cracked area of the fusion cladding, as depicted in
the Figure 18, illustrated crack expansion along the vertical plane. The confined space
within the crack hindered oxygen diffusion, resulting in oxygen deficiency inside the crack.
This led to the formation of a concentration battery, with the higher oxygen concentration
acting as the cathode and the lower oxygen concentration as the anode, facilitating anodic
dissolution within the crack.
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Figure 17. Scanning Vibrating Electrode Technique (SVET) Testing: (a) cracked region; (b) non-
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Figure 18. Corrosion morphology of the crack region: (a) outside of the crack; (b) inside of the crack.

Conversely, Figure 19 illustrates that the coating surface post laser remelting exhibited
a lack of crack defects, an absence of evident corrosion pits, and only a few isolated pitting
holes. Thus, while laser remelting significantly improved the corrosion resistance of the
cracked areas, its impact on crack-free regions was not significant.
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Figure 19. Corrosion morphology of remelting coating.
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5. Conclusions

In this study, laser cladding was used to prepare FeCoNiCrAl high-entropy alloy
coatings, and laser remelting was performed. The study examined the influence of laser
remelting on the phase composition, microstructure, and coating properties, including
wear resistance and corrosion resistance.

Following laser remelting treatment, the atomic proportion of Fe elements on the
coating surface decreased from 33.21% to 26.03%, while the atomic proportion of Al ele-
ments increased from 12.56% to 20.31%. The phase composition of the coating underwent
a marked transformation, shifting from a structure composed of FCC, A2, and B2 phases to
a singular BCC structure characterized by the presence of A2 and B2 phases. Concurrently,
the grain morphology on the coating surface transitioned from elongated plate-like grains
to equiaxed grains.

After remelting, the hardness of the AICoCrFeNi coating changed from 613 to 754 HV y 2,
an increase of 23%. The coefficient of friction on the coating surface decreased from 0.431
to 0.345, resulting in a 65% reduction in wear volume.

The FeCoNiCrAl coating exhibits excellent corrosion resistance, and laser remelting
repairs defects such as cracks, further enhancing the corrosion resistance of the coating.
However, it has no significant impact on the corrosion resistance of non-cracked regions.

Further investigation is necessary to determine the structure and characteristics of
coating when using a single laser power to remelt the surface under various remelt powers,
as certain restrictions exist.
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Abstract: This article presents research results on the influence of the laser surface melting and
alloying processes on the erosive wear resistance of ductile cast iron. For the research, an EN-GJS
350-22 ductile cast iron surface was laser-melted and laser-alloyed with titanium powder in an
argon and nitrogen atmosphere. Solid-particle erosion tests were carried out on the laser-melted and
-alloyed surface layers and the base material according to the ASTM G76-04 standard with 30° and 90°
impingement angles. The erosive wear resistance results were correlated with Vickers hardness and
microstructural test results with the use of SEM (scanning electron microscopy), TEM (transmission
electron microscopy), EDS (energy dispersive spectroscopy), and XRD (X-ray diffraction). The
mechanisms of erosive wear were also analyzed for the laser-treated surface layers and the base
material. The research showed that the laser melting and alloying processes with titanium powder
had a positive effect on the hardness and erosive wear resistance of the ductile cast iron surface due to
microstructure modification. Moreover, despite the lower hardness of the laser-alloyed surface layers,
their composite microstructure had a positive impact on the erosive wear resistance in comparison to
the laser-melted surface layers.

Keywords: laser melting; laser alloying; ductile cast iron; solid-particle erosion

1. Introduction

The ductile cast irons (DClIs) are alloys commonly used for machine parts due to
their high mechanical and fatigue strengths and plastic properties. DCls also show a low
stress concentration tendency, vibration-damping abilities, and good casting properties
and machinability, which makes them relatively cheap and easy to form, even into com-
plex shapes. The disadvantage that limits the use of DCls in some applications is their
insufficient hardness and wear resistance [1]. The degradation of materials due to wear
mechanisms is a serious problem for many applications in industry. In response to this
problem, and the need for wear-resistant materials with high strength, plastic, and fatigue
properties, the various surface treatment technologies are constantly improved to meet
the demands of industry [2-5]. Among the many surface treatment technologies, laser
surface treatment provides many possibilities and potential applications for a wide range
of materials. The high power density of the laser beam results in a low heat impact on the
processed material, and low deformation and stress level, and enables precise treatment
of small areas. High heating and cooling rates result in the formation of fine-grained
structures with unique properties [6,7]. In the case of DClIs, in order to improve their
surface hardness and wear resistance while maintaining the beneficial properties of the
core, surface treatment technologies can be used, including laser surface treatment. For
DClIs, the main laser surface treatments used are laser transformation hardening (LTH) [8,9],
laser surface melting (LSM) [10,11], laser surface alloying (LSA) [12-14], and laser cladding
(LC) [15-18].
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It was previously reported that during the LSM process of DCI, a thin surface layer of
the material is melted and the graphite precipitate dissolves in the liquid metal causing its
enrichment with carbon. After passing the laser beam, dynamic cooling and crystallization
of the metal occurs, resulting in the formation of a fine-grained, dendritic structure of the
surface layer. In the melted zone, as a result of the high cooling rate, carbon precipitates as
cementite, causing an increase in the hardness in comparison to the base material [19]. The
structural modification obtained in the laser-melted surface layer of DCIs results in wear
resistance improvement in comparison to the base material [20-22].

LSA provides much wider possibilities of shaping the structure and properties of the
DCI surface layer in comparison to LSM by the addition of alloying elements or reinforcing
particles [23-25]. The LSA process also enables the formation of metal-matrix composite
(MMC) surface layers, which are commonly used in industry for machine parts exposed
to wear in order to extend their service life, and therefore, reduce operating costs [26]. It
was previously proven that due to the high carbon content in the liquid metal and the low
Gibbs free energy for the formation of the TiC phase, with the addition of titanium powder
in the LSA process of DCI, an in situ MMC structure can be formed in the surface layer.
Selecting the proper process parameters enables the formation of the homogeneous MMC
structure and enables control of the fraction, size, and morphology of titanium carbides. As
shown by research conducted on this topic, such structural modifications result in increased
hardness and wear resistance in comparison to the substrate material [27,28].

In previous work [29], an analysis of the influence of nitrogen in the LSA process
of DCI with titanium powder was carried out. Due to the strong affinity of titanium to
both carbon and nitrogen, the process led to titanium carbonitride precipitation in the
surface layers. The current work aims to compare the influence of the LSM and LSA
processes with titanium powder on the erosive wear resistance of the DCI surface. The
influence of the process atmosphere (argon and nitrogen), structure (TiC/TiCN fraction,
cementite fraction), and hardness on the erosive wear resistance are analyzed, as well as
the erosion mechanisms.

2. Materials and Methods

For the research, ductile cast iron of grade EN-GJS-350-22 was selected as the substrate
material. The chemical composition of the used DCl is presented in Table 1. The microstruc-
ture of the selected DCI is composed of about 20 vol.% spheroidal graphite precipitate in a
ferritic matrix (Figure 1). Prior to the laser processing, the substrate surface was ground
to an Ra of 0.5 um and degreased with ethyl alcohol. For the LSA processes, 99.0% pure
titanium powder (H.C. Starck Amperit 154) with 45-70 pm gradation was used, which
was dried directly before the process in an oven at 50 °C for 30 min. As shielding and
powder-transporting gases for the LSM and LSA processes, 99.999% pure nitrogen and
argon were used.

Table 1. Chemical composition of EN-GJS-350-22 ductile cast iron.

Chemical Composition, wt.%

C Si Mn P S Cu Ti Mg Cr

3.66 2.71 0.527 0.042 0.001 0.068 0.032 0.012 0.124
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Figure 1. The EN-GJS-350-22 ductile cast iron’s microstructure (optical microscope).

The laser processing was carried out using a stand equipped with the high-power
direct diode laser (HPDDL) Rofin Sinar DL020. The technical specifications of the laser
are presented in Table 2. The stand was also equipped with a numerically controlled
positioning system for the laser head and substrate material. The movement of the traverse
was parallel to the short axis of the laser beam focus. For the powder feeding for the LSA
process, a disk powder-feeding system with a vibrator was used. The titanium powder was
fed directly into the area of laser beam impact at an angle of 45° to the substrate surface.
The powder nozzle’s shape and size were adapted to the laser beam focus’s shape and size
in order to ensure uniform powder injection (Figure 2). The rectangular laser beam spot, of
size 1.5 X 6.6 mm and uniform density distribution along the focus axis, was focused on the
substrate surface. Single-scan LSM and LSA processes were carried out without preheating.
The flow rates and powder feed rates of the powder-transporting gases and shielding gases,
and the laser beam power and speed were selected on the basis of preliminary tests. A list
of the samples made for the research and the process parameters is presented in Table 3.
The shielding gas flow rate for the LSM process was 20 L/min and for the LSA process
15 L/min. The powder-transporting gas flow rate for the LSA process was 3 L/min.

Table 2. Technical specifications of the Rofin Sinar DL020 HPDDL.

Wavelength of the Laser Radiation, nm 808-940 + 5
Range of Laser Power, W 100-2000
Focal Length, mm 82
Laser Beam Spot Size, mm 1.5 x 6.6
Range of Laser Power Intensity, W/mm? 10.1-202.0
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POWDER INJECTION NOZZLE
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FAST AXIS OF
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Figure 2. Diagram showing the alignment of the powder injection nozzle relative to the laser beam
spot [28].

Table 3. The laser surface treatment process parameters.

Designation Process Laser Beam Traverse Speed, Shielding Gas Powder- Powder Feed
Power, W m/min Transporting Gas Rate, mg/mm
Al LSM 2000 0.2 argon - -
A2 LSM 2000 0.4 argon - -
A3 LSM 1500 0.075 argon - -
N1 LSM 2000 0.2 nitrogen - -
N2 LSM 2000 0.4 nitrogen - -
N3 LSM 1500 0.075 nitrogen - -
TA1 LSA 2000 0.075 argon argon 4
TA2 LSA 2000 0.075 argon argon 8
TA3 LSA 2000 0.075 argon argon 12
TA4 LSA 2000 0.075 argon argon 16
TN1 LSA 1750 0.075 nitrogen nitrogen 5.33
TN2 LSA 2000 0.075 nitrogen nitrogen 4
TN3 LSA 2000 0.075 nitrogen nitrogen 5.33

The macroscopic observations were carried out using an Olympus SZX9 optical mi-
croscope (Olympus, Tokyo, Japan) manufacturer, city, state (only for USA and Canada),
country). Microstructural characterization was performed using a Phenom-World PRO
scanning electron microscope (SEM, Thermo Fisher Scientific, Waltham, MA, USA) and
FEI TITAN 80/300 transmission electron microscope (TEM, Scientific and Technical Instru-
ments, Hillsboro, OR, USA) with energy dispersive spectroscopy analysis (EDS). The thin
foil for TEM investigations was prepared using Xe-PFIB technology. Samples for the macro-
and microscopic observations were etched in 4% Nital solution. The phase compositions
of the processed surface layers were determined using X-ray diffraction (XRD) analysis
with a PANalytical X'Pert PRO MPD diffractometer (Malvern Panalitycal, Malvern, UK)
equipped with a PIXcel3D 1 x 1 detector using filtered radiation from a lamp with a cobalt
anode. The average TiC(N) precipitate and cementite fractions were measured using the
Image-Pro Plus software (version 4.5.0.29) on a total of 8 SEM images of nonetched LSA
surface-layer cross-sections (4 near the surface and 4 near the fusion line).

The Vickers hardness was measured using a Wilson Wolpert 401 MVD tester (Wilson
Instruments, Instron Company, Norwood, MA, USA) for each surface-layer cross-section
with a load of 200 g and dwell time of 10 s. The hardness tests were performed in three
measuring lines from the surface to the substrate with a 0.1 mm step (Figure 3).
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Figure 3. The Vickers hardness measurement point distribution on the cross-sections of laser-treated
surface layers [29].

The solid-particle erosion tests of the laser-processed layers and substrate material
were performed on a test stand that met the requirements of the ASTM G76-04 standard [30].
Angular 50 pm Al,O3 was used as the erodent material in a stream of dry compressed
air with a velocity of 70 m/s and a feed rate of 2 g/min. The erodent was injected onto
the tested surface for 10 min through a 1.5 mm diameter and 50 mm long nozzle. The
distance between the nozzle and the material’s surface was 10 mm. The solid-particle
erosion tests were carried out using impingement angles of 30° and 90°. To determine
average results (steady-state erosion rate and erosion value according to ASTM G76-04 [30])
for each surface layer and impingement angle, 3 tests were performed. The mass loss was
obtained using a laboratory scale with 0.001 g accuracy. The tested surface layers and the
substrate densities were determined using the Archimedes method. In order to determine
the erosive wear mechanism, SEM microscopic observations of the crater surfaces were
carried out.

3. Results and Discussion

The macrographs of the representative surface layers are shown in Figure 4. The
SEM microstructures of the laser-treated surface layers are shown in Figure 5 and the
microstructural parameters are presented in Table 4. The representative EDS maps of
the laser-alloyed surface layers are shown in Figure 6. Figure 7 presents the EDS line-
scan profile of the composition of the TiCN precipitate from the TEM. The XRD results
are presented in Figure 8. In general, the mechanism of fluid flow during laser surface
processing is a surface tension gradient (Marangoni convection) [31]. The shapes of the
fusion zones of the laser-melted and -alloyed surface layers indicate that during those
processes the surface tension was highest at the center of the molten pool and produced
fluid flow inward along the molten pool surface. The laser surface melting processes in the
argon and nitrogen atmospheres caused the graphite precipitate’s dissolution in the liquid
metal pool, which resulted in carbon enrichment of the liquid metal. As a result of the
fast cooling of the metal pool, during crystallization graphite did not precipitate. After the
laser beam passing, due to the cooling by heat conduction to the base metal, the primary
austenite dendrites grew from the fusion line, then the eutectic austenite and cementite
precipitated in the interdendritic spaces. Then, due to the high cooling rate, the martensitic
transformation occurred. The microscopic analysis did not show any influence of nitrogen
compared to argon shielding on the microstructure or chemical and phase compositions
of the LSM surface layers. The XRD analysis for both of the atmospheres used indicated
the presence of x-Fe (martensite), y-Fe (retained austenite), and Fe;C (cementite) in the
structures. No significant differences in the fractions of these components were noted for
the same LSM process parameters. For both atmospheres used, for samples laser-melted
with a 2000 W laser beam power and speeds of 0.2 and 0.4 cm/min, the increased speed
caused the cementite fraction to decrease (by 10.7 vol.% and 6.8 vol.% for the argon and
nitrogen shields, respectively) and the retained austenite fraction to increase (by 19.3 wt.%
and 22.0 wt.% for the argon and nitrogen shields, respectively), due to the cooling rates
resulting from the process parameters.
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Figure 4. The macrographs of representative surface layers: (a) A1, (b) N1, (c) TA3, and (d) TN2 [29].
Designations according to Table 3.
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Figure 5. The SEM microstructures of representative surface layers: (a) Al, (b) N1, (c) TA1, (d) TA3,
(e) TN1, (f) and TN3. Designations according to Table 3.
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Table 4. The microstructural parameters of laser surface melted and alloyed ductile cast iron surface layers.

Designation Average . Average Retained Average Fe-a
(According to Titanium ?:::tzgfl E(?l(l;,) F?::;Z%\e ‘ljzi'(oio Austenite Fraction, (Martensite) Fraction,
Table 3) Content, wt.% o o wt.% wt.%

Al - - 55.7 +2.86 109 +£1.23 33.6+1.71
A2 - - 45.0 £4.24 302 +1.41 19.7 +£1.83
A3 - - 53.8 £ 1.66 6.9 + 091 393 +1.75
N1 - - 489 +1.17 104 +£0.97 409 +1.62
N2 - - 42.1 +1.88 324 +1.34 26.0 + 0.94
N3 - - 509 £ 1.19 8.2+ 1.15 411 +1.14
TA1 32+033 55+ 1.13 32.7 +4.33 11.3 +£0.89 50.9 + 2.05
TA2 55+17 9.6 +£2.29 26.6 +2.08 11.6 £ 1.17 53.1+1.62
TA3 9.1 +278 14.1 +£391 139 +£1.52 10.1 +£1.21 62.0 + 1.15
TA4 129+ 1.71 20.1 +2.29 4.7 £2.34 9.5+ 1.18 66.1 + 1.39
TN1 3.6 £0.88 6.5+ 1.71 33.4 4225 11.8 +£1.31 48.6 +1.81
TN2 32+1.26 48 +£1.57 344 +5.76 124 +1.05 48.7 +1.37
TN3 58 +1.35 10.1 +£2.23 27.1 £3.93 13.3 +0.88 495 +1.42

Figure 6. The EDS mapping of the composition of representative laser-alloyed surface layers: (a) TA2
and (b) TN2 [29]. Designations according to Table 3.
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Figure 7. (a) The TEM EDS line-scan profile of the composition of TiCN precipitate from the laser-
alloyed surface layer in nitrogen shield; (b) the measuring line from A to B [29].
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Figure 8. The XRD results of representative surface layers: (a) Al, (b) N1, (c) TA2, and (d) TN2.
Designations according to Table 3.

The LSA process on the DCI’s surface caused in situ metal-matrix composite mi-
crostructure formation in the surface layers, in which the matrix was composed of primary
austenite dendrites transformed to martensite and ledeburite in the interdendritic regions,
which is similar to the LSM surface layers’ microstructure. Depending on the process
parameters (mainly titanium powder feed rate) the cubic or dendritic phases precipitated
from the liquid metal during crystallization. The EDS and XRD analyses proved that those
precipitates were titanium carbides or titanium carbonitrides for the process being carried
out in an argon or nitrogen shield, respectively. In general, the analyzed process parame-
ters produced homogeneous in situ metal-matrix composite surface layers reinforced by
5.5-20.1 vol.% of TiC precipitate and 4.8-10.1 vol.% of TiCN precipitate for the argon and
nitrogen shields, respectively. With a titanium content increase in the liquid metal pool,
the TiC(N) precipitate fraction increased. In comparison to LSM processes, the cementite
fractions are lower for LSA surface layers. The cementite fraction also decreased with
titanium content increases. This is due to the order of phase formation during cooling of
liquid metal in the Fe-Ti-C and Fe-Ti-C-N systems [32-36]. The lower Gibbs free energy for
TiC and TiCN resulted in the formation of those phases from the liquid metal first during
cooling. With the increase in the titanium content and simultaneous increase in the TiC(IN)
precipitate fraction, the carbon content in the remaining liquid decreased, which resulted
in a lower cementite fraction in the matrix. The titanium content did not affect the retained
austenite fraction.

The average Vickers hardness and solid-particle erosion test results are presented
in Table 5. For all analyzed samples, the laser surface treatment process caused the av-
erage hardness to increase. In the case of the LSM process, the hardness increased by
524-639 HV0.2 and 587-618 HV0.2 for the argon and nitrogen shields, respectively, in com-
parison to the base metal. The LSA process resulted in hardness increases of 458-591 HV0.2
and 391-460 HV0.2 for the argon and nitrogen shields, respectively, in comparison to the
base metal. The higher hardness results of the LSM surface layers in comparison to the
LSA surface layers are affected by the higher fraction of cementite in the microstructure. In
general, the cementite fraction influenced the hardness results the most for the laser-melted
and -alloyed surfaces, regardless of the shielding gas used. The hardness measurements
distribution profiles are presented in Figure 9. The LSM surface layers show highly consis-
tent hardness in the melted zone, due to the high homogeneity of the microstructure. In
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the case of the LSA surface layers, due to the composite microstructure, a slightly wider
range of hardness results was obtained in the alloyed zone. For all laser-treated surface
layers, the hardness gradually decreased in the heat-affected zone, reaching values typical
for the substrate material.

Table 5. The hardness and solid-particle erosion test results.

Designation Average Vickers Average Erosion Value, mm3/g  Average Steady-State Erosion Rate, mg/min
(According to Table 3)  Hardness, HV0.2 30° 90° 30° 90°

Al 875 £ 19.6 0.047 4+ 0.004 0.038 4+ 0.006 0.69 £+ 0.05 0.57 £0.1
A2 843 +17.2 0.047 + 0.002 0.043 + 0.007 0.7 +£0.03 0.64 0.1
A3 792 +21.7 0.050 + 0.003 0.039 + 0.002 0.73 £ 0.05 0.58 + 0.04
N1 854 +19.0 0.046 4+ 0.008 0.041 4+ 0.002 0.69 £ 0.11 0.61 £+ 0.03
N2 833 £57.3 0.043 4+ 0.009 0.048 + 0.004 0.63 +0.14 0.71 £ 0.06
N3 832 +£33.3 0.048 + 0.005 0.039 + 0.004 0.72 + 0.07 0.57 +0.06
TA1 695 + 39.5 0.036 4+ 0.001 0.025 4+ 0.003 0.52 +0.02 0.37 £ 0.04
TA2 702 + 33.0 0.032 + 0.001 0.025 + 0.004 0.45 4+ 0.02 0.36 + 0.04
TA3 694 + 62.7 0.039 4 0.001 0.028 + 0.002 0.56 =+ 0.02 0.39 +0.02
TA4 701 +43.7 0.039 4+ 0.001 0.031 4+ 0.005 0.54 +0.01 0.43 + 0.06
TN1 663 + 54.1 0.041 + 0.003 0.027 + 0.002 0.6 +0.05 0.39 + 0.03
TN2 696 £ 30.5 0.037 4+ 0.004 0.029 + 0.004 0.55 £+ 0.04 0.43 £+ 0.04
TN3 627 +40.8 0.041 + 0.002 0.026 + 0.003 0.6 +0.03 0.38 + 0.04
Substrate 236 + 36.4 0.0617 + 0.0004  0.034 + 0.0032 0.88 4+ 0.01 0.48 + 0.05
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Figure 9. The hardness distribution in the representative surface layers from the surface towards the
fusion line; designations according to Table 3.

The solid-particle erosion test results show that the laser surface melting and alloying
processes carried out to modify the ductile cast iron surface had a positive effect on
improving its erosion wear resistance. The average erosion values of all the tested surface
layers and the substrate material are higher for the impingement angle of 30° than for 90°.
Such results are typical for plastic materials [37]. In the case of the LSM surface layers, the
average erosion values and rates for all samples are similar, so the shielding gas did not
influence the erosion wear resistance of the layers. Generally, the laser surface melting
process caused the average erosion values to decrease for the impingement angle of 30° in
comparison to the base material, by up to 24% and 30% for the argon and nitrogen shields,
respectively. For the 90° angle, the erosion rates and values are similar for LSM surface
layers and the substrate. In the case of the LSA process, for both the tested impingement
angles, the average erosion value decreased in comparison to the substrate material. In
the case of the 30° impingement angle, the erosion values decreased by up to 48% and
40% for the argon and nitrogen shields, respectively. For the 90° impingement angle, the
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average erosion values decreased by up to 26% and 23% for the argon and nitrogen shields,
respectively. The results show that the shielding gas and, consequently, the precipitate’s
chemical composition did not significantly influence the erosion wear resistance. Despite
the lower average hardness of the LSA surface layers in comparison to LSM, the erosion
test results showed better resistance of the alloyed layers. This result is related to the
composite microstructure of the LSA surface layers—the presence of an evenly dispersed
TiC(N) precipitate in the structure.

The SEM images of the surfaces after the solid-particle erosion tests are presented
in Figure 10. The observations allow us to specify the erosion mechanisms of the tested
surface layers and the substrate material. In the case of the ductile cast iron surface, during
erosion, plastic deformation occurred and scars, grooves, and craters can be observed
on the surface for both the tested impingement angles. Additionally, embedded erodent
particles can be observed on the surface due to the low hardness of the material. The
erosion mechanism of the used ductile cast iron is therefore ductile. On the LSM surface
layers, plastic deformation can be observed as a result of erosion, therefore, the erosion
mechanism is also ductile for these layers. In this case, no embedded erodent particles
were observed, which is due to the higher hardness of the surface. For the LSA surface
layers, the erosion behavior is more complex due to the composite microstructure. In the
matrix, plastic deformation occurred during erosion similar to in the LSM layers. However,
for the in situ-formed TiC(N) precipitate, cracks were observed, indicating a brittle erosion
mechanism. Additionally, on the composite layer’s surfaces, voids were also observed on
the surfaces, from which the precipitate was torn out during erosion.

Figure 10. The SEM images of representative surface layers after solid-particle erosion tests:
(a) impingement angle 30° [29], EN-GJS-350-22; (b) impingement angle 90°, EN-GJS-350-22;
(c) impingement angle 30°, A3; (d) impingement angle 90°, N1; (e) impingement angle 30°, TA2;

(f) impingement angle 90°, TN2; designations according to Table 3.
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4. Conclusions

Based on the analysis of the achieved research results, the following conclusions have
been reached:

1. The laser surface melting processes of the EN-GJS-350-22 ductile cast iron in argon
and nitrogen shields caused modification of the microstructure of the surface layers
that consist of primary austenite dendrites, partly after martensitic transformation,
and eutectic austenite and ledeburite in the interdendritic spaces. The use of the
nitrogen shield did not affect the microstructure or nitrogen’s presence in the surface
layer’s chemical composition.

2. The laser surface alloying process of the EN-GJS-350-22 ductile cast iron with titanium
allowed the formation of homogeneous in situ metal-matrix composite surface layers.
Depending on the shielding gas (argon or nitrogen), cubic or dendritic TiC/TiCN
particles precipitated from the liquid metal. The matrix microstructure consisted of
primary austenite dendrites, partly after martensitic transformation, and ledeburite in
the interdendritic spaces.

3. By the selection of the LSA process parameters it is possible to shape the structure of
the surface layers, in particular the titanium concentration, precipitate’s morphology,
fraction, and chemical composition. The parameters selected for the research allowed
surface layers reinforced with 5.5-20.2 vol.% of TiC and 4.8-10.1 vol.% of TiCN to
be produced.

4. The modification of the microstructure by the laser surface melting of ductile cast
iron resulted in the average Vickers hardness increasing by a maximum of 370% and
362% for the argon and nitrogen shields, respectively. The laser-alloyed surface layers
showed average Vickers hardness increases of a maximum of 297% and 295% for the
argon and nitrogen shields, respectively.

5. The laser surface melting and alloying processes caused an erosion resistance increase
in the ductile cast iron. The erosion values of the LSM and LSA surface layers for a
30° impingement angle decreased by a maximum of 30% and 48%, respectively. In
the case of the 90° impingement angle, the LSM layers showed similar erosion values,
and for LSA layers, the erosion values decreased by up to 26% in comparison to the
substrate material. The composite microstructure of the LSA surface layers caused a
higher increase in the erosion resistance in comparison to LSM layers in addition to
the lower hardness.

6.  The erosion mechanism of the substrate material and laser-melted surface layers is
ductile. For the laser-alloyed surface layers, the erosion mechanism is more complex,
being ductile for the matrix material and brittle for the TiC(N) precipitate.
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Abstract: The subject of the research is the possibility of using laser surface hardening to modify
the tribological properties of ADI castings. ADI cast irons are a very progressive material; these
cast irons find their application (due to their characteristic properties) in demanding applications.
In these applications, the tribology of their surface is an essential parameter. This research focused
on the change in tribological properties due to laser hardening of the surface layers. ADI cast iron
samples processed at different isothermal holding temperatures were selected for the experiment.
This is because these temperatures have a major influence on the initial structure (before laser ex-
posure), which also affects the laser hardening process. To analyze the structural changes, metal-
lographic examinations were performed. The microhardness was also measured on each sample in
relation to the distance from the surface. The samples were also subjected to a tribological test (linear
reciprocating tribometer) during which the coefficient of friction was recorded. The surface condi-
tions after the tribological experiment were evaluated using an electron microscope. Tribological
experiments revealed very different behavior of laser-hardened ADI cast iron surfaces depending
on their isothermal holding temperature. At the same time, a homogeneous martensitic layer on
the surface (a consequence of the relatively uniform distribution of carbon in the initial ausferritic
structure) was achieved by laser, which contributed to a significant increase in hardness and wear
resistance. A trend of decreasing friction coefficient as a function of isothermal holding temperature
was observed for non-laser-hardened surfaces. This phenomenon supports the theory of a possible
martensitic transformation of the high-carbon austenite contained in the structure of ADI castings.

Keywords: ADI; cast irons; austempering; laser surface hardening; tribology

1. Introduction

Graphitic cast irons have exceptional foundry properties that enable high-quality cast-
ings to be achieved. The mechanical properties of the casting, including tribological prop-
erties, are crucial parameters for many applications [1,2]. The tribology of the surface
of graphitic cast irons is influenced by the graphite contained in the cast iron structure
(graphite has certain lubricating effects due to its bonds in the crystal lattice). The shape
of the graphitic formations is essential. Some studies [3] point out the different behav-
ior of cast iron with graphite in the form of spheres and flakes. At the same time, how-
ever, graphite formations can act as surface heterogeneities that can initiate the forma-
tion of cracks in their surroundings [4-7]. The problem with the structure of graphitic
cast irons was (and to some extent still is) relatively low mechanical properties. With
the development of the process of modifying cast iron with magnesium to produce cast
iron with graphite in the form of spheres, the mechanical properties have been signifi-
cantly improved (cast irons with spherical graphite approach the mechanical properties
of steels) [8,9]. With further efforts to improve the mechanical properties of graphitic cast
irons (especially cast iron with spherical graphite), the austempering process was devel-
oped. The result of this heat treatment is ADI (Austempered Ductile Iron) or AGI (Austem-
pered Gray Iron) [10,11].
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Austempering is a very progressive heat treatment method, which can achieve several
times the yield strength compared to the cast structure of the casting, while at the same
time the cast iron processed in this way has relatively good tribological properties and ex-
cellent toughness [12]. Due to the combination of these mechanical properties, ADI cast
irons find applications in the automotive, aerospace, and military industries [13]. Typical
applications are gears, crankshafts, and camshafts. Very often these are applications where
surface tribology is a major factor [14]. For this reason, it is important to focus on this issue
and to consider various options for increasing the abrasion resistance of the ADI surface.
One of the options may be the use of laser for surface hardening of ADI castings. This is
the focus of this research. Specifically, this research focuses on the influence of the initial
ausferritic structure (which is determined by the isothermal holding temperature, the influ-
ence of this temperature on the structural changes is still a matter of debate) on the surface
laser hardening process. The aim is to map the structural changes after laser hardening
and the change in tribological properties of the surface due to the laser treatment. Surface
laser hardening has its specificities that made this method selected as a possible option to
increase the wear resistance of ADI castings. A description of laser hardening (including
the specific reasons for its selection) is given below. First, the process of austempering
needs to be clarified.

The austempering process consists of several stages. The first phase is the austeniti-
zation of the casting; the cast iron is heated to 850-950 °C. At this temperature, the initial
structure changes to austenitic. After austenitization, the casting is transferred to a salt
bath at a temperature of 250-450 °C. At these temperatures, nucleation of acicular ferrite
on graphite and its subsequent growth occurs. Carbon diffuses into the ferrite surround-
ings and the austenite is stabilized in this way. This results in a typical ausferritic structure
consisting of acicular ferrite and high-carbon austenite [15-19]. The effect of isothermal
tempering temperature is not fully understood even at present. Lower isothermal tem-
peratures lead to higher nucleation of finer ferrite. Conversely, higher temperatures con-
tribute to more intense diffusion, resulting in coarser ferrite and larger austenite blocks
between the plates of acicular ferrite. According to the authors of [14,20-23], austenite
(in the ausferritic structure of ADI) can be transformed to martensite at sufficiently high
contact pressure. The authors of the studies agree that this phenomenon occurs mainly in
ADI cast irons processed at higher temperatures; these cast irons contain block austenite,
which is more susceptible to transformation. The transformation of austenite to marten-
site in the surface layers can significantly improve the surface tribology. However, this is
a complicated issue on which there is no clear consensus even at present.

In this research, (due to its characteristic properties) laser surface hardening of ADI
castings is tested. The laser is a powerful source of energy. When a laser is applied to the
surface of a component, the heat entering the surface layers is significantly greater than
the heat dissipated into the cold core. This creates a large thermal gradient. The laser ac-
tion increases the surface temperature and transforms the initial structure into austenite.
Subsequent movement of the laser to another location allows heat to be dissipated from
its previous focusing location, thereby rapidly cooling the surface and transforming it to
martensite. With induction hardening and flame hardening, the thermal gradient is not
as large; additional cooling is required to harden the surface, and most commonly various
water showers are used. In these methods, the shape of the burner or inductor must also
follow the shape of the surface. The laser can be programmed to harden a variety of sur-
face shapes and is also suitable for piece production. By very fast cooling of the surface
during laser hardening, very fine structures with other possible specific elements can be
achieved. In the case of the initial ausferritic structure, it would be possible to achieve very
fine martensite (with better mechanical properties), but the question remains, for example,
about the influence of carbon distribution in this initial structure [24-27].
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2. Materials and Methods

The experimental part is focused on the analysis of the surface hardening of ADI
(Austempered Ductile Iron) by laser and its influence on the tribological characteristics
of the tested samples. The experiment thus includes the evaluation of the microstructure
of the laser-hardened samples, the measurement of the hardness of the hardened layer (for
each sample, the microhardness of the hardened layer was measured in relation to the dis-
tance from the surface), and the tribological analysis itself. The latter consists of testing the
samples on a tribometer with linear reciprocating motion, during which the friction coef-
ficient was recorded. This test was followed by an evaluation of the worn surfaces using
scanning electron microscopy.

2.1. Tested Samples

For the experimental part, samples of ductile cast iron with nodular graphite were
used; the chemical composition is shown in Table 1 (the chemical composition was ana-
lyzed by the OES method). These are samples that have an identical chemical composition
but differ in isothermal holding temperature. This difference is also indicated by the mark-
ing of the samples, i.e., ‘k’-nodular graphite; the number after 'k’ indicates the isothermal
cure temperature (‘6'-60 min). The last three digits indicate the value of the isothermal
cure temperature. The samples had dimensions of 40 x 30 mm?, and their thickness was
15 mm.

Table 1. Chemical composition of the samples used (the remainder of the chemical composition
consists of Fe).

Samples Chemical Composition [wt.%]
C Si Mn P S Mg Cu
ADI 9k6 240
ADI 9k6 310 ADI 9k6 240 2.45 0.25 0.02 0.02 0.04 0.01
ADI 9k6 400

2.2. Tribological Analysis

In the experimental part, laser-hardened and non-hardened surfaces of the samples
were tested. It was thus possible to compare the change in their tribological properties.
First, the tribological test itself was carried out on the MFT-5000 (Rtec Instruments, San Jose,
CA, USA) tribometer. Itis a multifunctional tribometer, soitis possible to test samples with
both PIN-ON-DISC and PIN-ON-PLATE methods. The tribometer can also be equipped
with high-temperature modules to allow tribological experiments to be performed at ele-
vated temperatures. For this experiment, the PIN-ON-PLATE method without a tempera-
ture module was chosen. A hardened, chromium-alloyed steel (material-100Cr6, San Jose,
CA, USA) ball with a diameter of 6.35 mm was used as PIN.

Each sample was clamped to a table that was movable relative to the PIN before test-
ing. Subsequently, the PIN (steel ball) was clamped in a special fixture; the fixture with
the clamp prevented any unwanted movement (rotation) of the PIN. For a correct mea-
surement, it was necessary to set the fixture in a perpendicular position to the sample.
Before running the test, it was necessary to clean the sample and the PIN to eliminate the
influence of various contaminants that may have been present on the contact surfaces. For
cleaning, isopropyl alcohol was used; cleanliness was checked visually. This was followed
by setting the fixture to the initial position (using a special controller). After this step, the
tribological test was started. During the experiment, the PIN was loaded with a predefined
force (30 N). The PIN moved along a predefined path relative to the specimen; the distance
between the movements was set to 5 mm, and the speed of movement was 5 mm/s. The
baseline tribological test time was set to 30 min. However, a control measurement of 11
min was carried out at the same time. The different test lengths made it possible to ob-
serve the evolution of the surface wear as a function of time (the surface was analyzed by
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scanning electron microscopy). At the same time, it was possible to observe the measured
values of the friction coefficient at the 10th min of the test for both types of measurements.

The friction coefficient was recorded throughout the measurement period. Since the
linear reciprocating method was used, it would be possible to evaluate the static and dy-
namic friction coefficients. However, this option was not offered by the software of the
tribometer used. Thus, the tables presented here show the average values of the friction
coefficient measured during the test.

The surface condition of the samples after the tribological test was evaluated by scan-
ning electron microscopy. To evaluate the effect of surface hardening on the tribology
of cast irons, both hardened and non-hardened surfaces of the samples were analyzed,
thus allowing their comparison with each other. For hardened surfaces, traces of both the
30 min and 11 min tests were imaged.

In scanning electron microscopy, imaging based on secondary electrons (specifically
SEland LEI) was used. An EDS analysis was also performed. The samples were previously
cleaned of coarse impurities using compressed air.

2.3. Parameters of Laser Hardening

For the experimental part, the individual samples used were laser surface hardened.
The laser hardening parameters used are shown in Table 2. The diode laser YAG laserline
LDF 10,000-100 (made in Miilheim-Karlich, Germany) was used for the experimental part;
the wavelength of this laser is 940-1020 & 10 nm. It is a laser commonly used for surface
hardening of iron alloys. It has a suitable wavelength that guarantees sufficient absorption
of radiation. Another factor for choosing this laser was its availability. The laser spot had
the shape of a rectangle. One track (laser pass) was created on each sample. The laser
power during surface hardening was 10 kW; thus, the laser power density was 62.5 W/mm?.
The laser hardening parameters were chosen based on the experience of the authors of this
article, the laser operator, and the literature (e.g., [28]).

Table 2. Parameters of laser hardening.

Laser Used Laserline LDF 10,000-100
Focusing distance [mm] 348
Clouding optics Laserline zoom optics
Laser spot size [mm] 8 x 20
Temperature [°C] 1120
Speed [cm/min] 45
Power [kW] 10

3. Results
3.1. Microstructure of the Tested Samples

In this section, the microstructures of individual samples without laser hardening are
shown. Furthermore, structural changes after surface hardening by laser are shown here.
The section also includes graphical hardness dependences for a laser-hardened surface.
All microstructures of the samples were obtained in the same way. First, the samples were
cut on a special saw designed for the preparation of metallographic samples (this allows
the samples to be separated without thermal influence on their structure). Subsequently,
the samples were fixed in a special material (Bakelite). Then the samples were sanded with
sandpaper of different grits; after sanding, the samples were polished and etched.

3.1.1. ADI 9k6 240

This is a sample of cast iron with spherical graphite that has been subjected to austem-
pering, which is why it is referred to as ADI (Austempered Ductile Iron). This sample was
heat treated at the lowest isothermal holding temperature (240 °C) of all the samples tested.
Therefore, the initial structure of the sample is the finest. The structure consists of bainite,
fine plates of acicular ferrite, and high-carbon austenite. However, this austenite does not
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form blocks but rather is in the form of a thin film. Figure 1b represents the initial (non-
hardened) structure. Images were taken with a metallographic microscope.

Figure 1. Microstructure of ADI 9k6 240; (a) Detail of the structure of the laser-hardened surface of
ADI 9k6 240; (b) Structure of the laser non-hardened core of the ADI 9K6 240 cast iron sample.

Figure 2a shows the microstructure of a laser-hardened surface. A detail of this laser-
hardened structure is shown in Figure 1a. It can be seen from these photographs that the
structure is predominantly composed of fine martensite and residual austenite (to a depth
of approximately 0.5 mm). Figure 2b shows the dependence of hardness on distance from
the surface. From these values, it can be seen that at the surface, the sample reaches a
hardness of 900-1000 HV0.1. The microstructure of the hardened surface shows that the
proportion of coarser martensite increases with increasing distance from the surface. The
hardness of the cast iron decreases gradually to a depth of about 0.8 mm, where it stabilizes
at the hardness values of the austempered cast iron itself.

1000 S

Hardness HVO0.1
[<2)
8

Depth [mm]
(b)

Figure 2. ADI 9k6 240; (a) Structure of the laser-hardened surface of ADI 9k6 240; (b) Dependence
of hardness on the distance from the ADI 9k6 240 surface.

3.1.2. ADI 9ké6 310

Similar to the previous sample, the starting material is austempered cast iron with
spheroidal graphite. The isothermal holding temperature for this sample was 310 °C,
which is an intermediate value compared to the other two samples. This is consistent with
the structure. Due to the heat treatment, it is again composed of bainite, acicular ferrite,
and high-carbon austenite. Due to the higher isothermal holding temperature (than in
the previous case), the ferrite is coarser and the high-carbon austenite forms more bulky
blocks. The initial structure is shown in the image of the unhardened core (Figure 3b).
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Figure 3. Microstructure of ADI 9k6 310; (a) Detail of the structure of the laser-hardened surface of
ADI 9k6 310; (b) Structure of the laser non-hardened core of the ADI 9K6 310 cast iron sample.

Figure 4a shows the laser-hardened surface of the cast iron; a detail of the structure
of the hardened layer is shown in Figure 3a. This laser-hardened layer is again composed
of martensite and some residual austenite. However, when compared with the previous
sample, it is noticeable that in this case, the martensite is coarser. Figure 4b shows a graph-
ical dependence of the hardness versus distance from the surface. The coarser martensite
contributes to the gradual decrease in hardness, and its proportion increases with distance
from the surface. The hardness values are steady at the hardness of the initial cast iron
structure. The course of hardness is very similar to the previous sample. Some of the
significantly different hardness values are due to indentation in the graphite.
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Figure 4. ADI 9k6 310; (a) Structure of the laser-hardened surface of ADI 9k6 310; (b) Dependence
of hardness on the distance from the ADI 9k6 310 surface.

3.1.3. ADI 9k6 400

The starting material is identical to the previous samples (austempered cast iron with
spheroidal graphite). This sample was subjected to the highest isothermal heat treatment
temperature of all the tested samples (400 °C). The relatively high temperature contributed
to the creation of a coarser structure (compared to the previous samples); the initial mi-
crostructure (before the laser treatment) is shown in Figure 5b. The structure of the cast
iron prior to laser surface hardening is again composed of bainite, acicular ferrite, and high-
carbon austenite. The higher isothermal holding temperature contributed to the formation
of block austenite; such austenite can transform to martensite under certain conditions.
This phenomenon may affect the results of the tribological laser test of the non-hardened
surface (as described earlier in this article).
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Figure 5. Microstructure of ADI 9k6 400; (a) Detail of the structure of the laser-hardened surface of
ADI 9k6 400; (b) Structure of the laser non-hardened core of the ADI 9K6 400 cast iron sample.

Figure 6a shows the laser-hardened surface of a sample of ADI 9k6 400 cast iron. The
detail of this hardened structure is then shown by metallographic etching (Figure 5a). This
hardened layer is composed of martensite and residual austenite, similar to the previous
samples. The depth of the hardened layer is also very similar to the previous samples. At
the surface, the layer is composed of relatively fine martensite (mainly to a depth of about
0.5 mm); then there is again a transition zone with coarser martensite, which leads to a
decrease in hardness. The dependence of hardness on distance from the surface is shown
in Figure 6b. The actual pattern is again very similar to the previously mentioned samples.
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Figure 6. ADI 9k6 400; (a) Structure of the laser-hardened surface of ADI 9k6 400; (b) Dependence
of hardness on the distance from the ADI 9k6 400 surface.

3.2. Results of Tribological Analysis

This section records the values of the friction coefficient for each specimen tested. At
the same time, tables with the resulting average values of the friction coefficient for the
respective samples are given. This section also includes the evaluation of the wear test
surfaces. These surfaces were analyzed by electron microscopy.

3.2.1. Progress of the ADI 9k6 240 Tribological Test

Figure 7 shows a record of the friction coefficient produced during a 30 min tribologi-
cal test of a non-hardened surface. It can be seen from this record that there was a definite
decrease and then an increase in the recorded values during the running-in of the tribo-
logical pair (non-hardened surface and pin). This phenomenon was also observed during
the control 11 min measurement. The record of this measurement is shown in Figure 8.
The periodic alternation of higher and lower values of the friction coefficient is caused by
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linear reciprocating motion. This is because there is an alternation of static (coefficient at
rest) and dynamic (during movement) friction coefficients.
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Figure 7. Record of the friction coefficient of the laser non-hardened surface of the sample ADI 9k6

240 (30 min).
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Figure 8. Record of the friction coefficient of the laser non-hardened surface of the sample ADI 9k6
240 (control measurement, 11 min).

There may be a number of reasons for the fluctuations in the values at the beginning of
the test. For example, it may be due to the release of large amounts of graphite, which can
have a significant effect on friction. Another and more likely reason may be the formation
of an oxide layer on the surface of the cast iron. The movement of the pin across the surface
may erode this layer, thus creating separate parts of the oxide layer. The movement of
these parts can then also have a significant effect on the value of the friction coefficient. It
is evident from both recordings that the steady-state values occurred around the 10th min
of the test. The range of values over which the friction coefficient varies in the 10th min of
the test is very similar for both measurements.

Figure 9 shows the graphical dependence of the friction coefficient values recorded
during the 30 min tribological test of the laser-hardened surface. This figure shows a sim-
ilar trend to that of the non-hardened surface. That is, the initial fluctuation in values that
is associated with the running-in of the tribological pair.

The initial increase with a later decrease in values can be associated with a number
of factors. However, the most likely effect appears to be the formation of the oxide layer
and its subsequent breaking during the test. Electron microscope analysis of the sample
surface after the 11 min test (see Figure 10 for a record of the friction coefficient) shows
that the oxide layer is relatively compact at the 11 min mark. Its subsequent disintegration
and movement of parts of this layer (together with parts of the separated cast iron matrix)
may be associated with an increase in the values of the friction coefficient.
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Figure 9. Record of the friction coefficient of the laser-hardened surface of the sample ADI 9k6 240
(30 min).
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Figure 10. Record of the friction coefficient of the laser hardened surface of the sample ADI 9k6 240
(control measurement, 11 min).

The records show that the behavior of hardened and non-hardened surfaces in the
run-in phase is similar. However, the hardened surface shows a stabilization of values
after a longer period of time. The fluctuation interval is larger for the hardened surface.
This may be due to the harder and stronger surface of the quenched sample, which may
have contributed to the stability of the emerging oxide layer.

3.2.2. Surface Analysis of ADI 9k6 240 Sample after Tribological Test

All tested samples showed significant oxidation of the base material during the tribo-
logical test. The oxidation layer can be observed, for example, in Figure 11i-A. EDS analysis
of the worn surface was performed to confirm the oxidation. The analyzed area is shown in
Figure 11ii(a). Figure 11ii(b) shows the iron distribution in the analyzed area, Figure 11ii(c)
shows the carbon distribution, and Figure 11ii(d) shows the oxygen distribution. Thus,
Figure 11ii(b) shows that the analyzed layer is darker relative to its surroundings and thus
contains less iron relative to its surroundings. In the oxygen analysis 11ii(d), the analyzed
layer contains a significantly higher amount of oxygen relative to its surroundings (the
oxygen distribution is shown in blue in the figure). Thus, the EDS analysis confirmed
the assumption that an oxide layer was formed during the tribological test, which could
have had a major influence on the resulting surface tribology. Figure 11i shows the worn
surface of the non-hardened ADI 9k6 240 specimen after the 30 min tribological test. The
aforementioned oxide layer in this case is highly non-compact, showing a rather significant
violation of integrity. One of the causes may be the deformation of the cast iron matrix that
occurs due to the movement of the PIN on the surface. This in turn may contribute to the
formation and propagation of cracks in this oxide layer. Further movement of the PIN
may then lead to separation of parts of the layer (together with the cast iron matrix). These
separated parts may then move during the test and move outside the main tribological test
track (Figure 11i-D).
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Figure 11. ADI 9k6 240; (i) The surface of a non-laser-hardened ADI 9k6 240 sample; (ii) EDS analysis
of the surface after the tribological test.

Another major factor that can contribute to the breaking of the oxide layer is the
graphitic formations that the cast iron contains. If they are located just below the sur-
face, they may be progressively exposed during the test (Figure 11i-G). Graphite is a stress
concentrator. The thin layer of matrix that overlies it at the beginning of the test is de-
formed during the test, which can lead to subsequent fatigue and failure of integrity, and
the graphite is gradually exposed. This mechanism is likely to result in significant sepa-
ration of the matrix parts around the graphitic formations, as seen in Figure 11i-C. Traces
of abrasive damage are also evident on the surface after tribological testing (Figure 11i-B).
The movement of detached parts of the hard oxide layer, or the hardened part of the base
material, could probably have contributed to the abrasion.

Figure 11i-E shows traces of adhesive damage. This was probably caused by close
contact between the PIN (steel ball) and the cast iron matrix. Given the chemical composi-
tion, this is not surprising. The surface was probably protected from significant adhesive
damage by an emerging oxide layer. The worn surface shows where there has been a
significant separation of the base material of the cast iron (Figure 11i-F). There may be a
number of causes. The separation may be due to fatigue of the cast iron surface layers, or
adhesive wear, or the presence of graphite (which was not detected during the test) may
have contributed.

Figure 12 shows the condition of the laser-hardened surface after the 11 min tribo-
logical test. The resulting trace is relatively compact, with the oxide layer (Figure 12-A)
showing no significant distortion. Nevertheless, some distortion did occur during test-
ing. The detached portions of the oxide layer then moved from the breach location to the
edge of the footprint during the test. Such separated and relocated portions can be seen
in Figure 12-H. The surface of the specimen also shows signs of abrasion (Figure 12-C),
likely due to the aforementioned movement of hard oxide particles or movement of the
hardened and separated portion of the cast matrix (Figure 12-D).

The surface image (Figure 12) also shows the influence of graphite formations. These
formations, as already mentioned, are the heterogeneities of the structure around which
the stress concentration increases. The thin matrix layer that overlies the graphite is in-
tensely stressed. The result is fatigue and separation of that part of the matrix. The initial
state can be seen clearly in Figure 12-F, while a more advanced stage with exposed graphite
(Figure 12-G) can be seen in Figure 12-B. The cracks that form and gradually propagate
around the graphitic formations are clearly visible in the figure. By stressing the graphite
and surrounding matrix, it may also be released (Figure 12-E); in this way, some lubrica-
tion effect may occur, which may affect the resulting tribological behavior of the cast iron.
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Figure 12. The surface of the laser-hardened sample after an 11 min tribological test.

The surface of the laser-hardened specimen after the 30 min tribological test is shown
in Figure 13. The trace produced by the PIN movement during the test is largely covered
by an oxide layer (Figure 13a,b-A), but this layer is not very continuous. It shows consid-
erable distortion, and cracks are visible (Figure 13b-B), which may propagate gradually
with PIN movement and cause delamination. One of the causes of the disruption of the
oxide layer may be the aforementioned presence of graphite (Figure 13a,b-G). The figure
shows that there was also considerable disruption of the surrounding matrix around these
graphitic formations (Figure 13a,b-B). During the test, hard parts of the oxide layer were
separated and displaced (Figure 13a,b-C), which probably contributed significantly to the
abrasive damage of the surface (Figure 13a,b-D). The figure also shows areas where signif-
icant separation of parts of the base material has occurred (Figure 13a,b-E); the presence
of graphite is not evident in the surrounding area (it may be hidden beneath the surface),
but this is probably the result of fatigue damage to the cast iron matrix. The surface also
shows signs of adhesive damage (Figure 13a,b-F).

Figure 13. ADI 9k6 240; (a) Surface of the laser-hardened sample after a 30 min tribological test;
(b) Detail of the laser-hardened surface after a 30 min tribological test.

3.2.3. Progress of the ADI 9k6 310 Tribological Test

Figure 14 shows a record of the friction coefficient for the laser non-hardened surface
of the ADI 9k6 310 specimen during the main 30 min test. This record shows an initial slight
fluctuation in values. However, this fluctuation stabilized fairly quickly. At the same time,
this phenomenon is also evident in the 11 min measurement (Figure 15).

This initial variation in friction coefficient values may again (as with the previous
sample 9k6 240) be due to a number of factors. One cause may be the flattening of surface
micro-irregularities, or for example, the formation and subsequent failure of an oxide layer.
The presence of this oxide layer on the test worn surface was already confirmed in the
previous sample.
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Figure 14. Record of the friction coefficient of the laser non-hardened surface of the sample ADI 9k6
310 (30 min).
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Figure 15. Record of the friction coefficient of the laser non-hardened surface of the sample ADI 9k6
310 (control measurement, 11 min).

Figure 16 shows a record of the friction coefficient for the laser-hardened surface of
specimen ADI 9k6 310 taken during a 30 min tribological test. In this case (similar to the
non-hardened surface), a slight fluctuation in the values can be observed as the tribolog-
ical pair is run in; however, these values stabilized fairly quickly. The variation in the
friction coefficient values during tribological pair run-in is probably related to the forma-
tion and subsequent behavior of the oxide layer (together with the interaction of surface
micro-irregularities).
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Figure 16. Record of the friction coefficient of the laser-hardened surface of the sample ADI 9k6 310
(30 min).

A similar initial fluctuation of the friction coefficient values, including a relatively
rapid settling, is also evident in the record of the control (11 min) measurement (Figure 17).
The range of values over which the friction coefficient varies in the 10th min of both tests
is again very similar.
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Figure 17. Record of the friction coefficient of the laser hardened surface of the ADI 9k6 310 sample
(control measurement, 11 min).

3.2.4. Surface Analysis of the ADI 9k6 310 Sample after the Tribological Test

Figure 18a shows the surface condition of a non-hardened ADI 9k6 310 cast iron spec-
imen after a 30 min tribological test. The surface of this sample shows significant damage
after the test. The surface is again (as in the previous cases) partially covered by an oxide
layer (Figure 18a-A), but this layer is considerably damaged. Together with the oxide layer,
the surface layers of the base material have been significantly delaminated during the test
(Figure 18a-B). Thus, the surface of the sample shows quite deep damage to the surface
layers, essentially craters.

Figure 18. ADI 9k6 310: (a) The surface of a non-laser-hardened ADI 9k6 310 sample after a 30 min
tribological test; (b) The surface of the laser-hardened sample after an 11 min tribological test.

The delamination may have been contributed to by the graphite formations, which
(as already mentioned in the previous sample) are essentially surface heterogeneities, and
there is an increase in stress concentration in their vicinity. Thus, significant matrix loading
and pumping of plasticity may be occurring in the vicinity of the graphite, which may
subsequently cause delamination of the surface layers of the cast iron around the graphite
(Figure 18a-G). However, this is probably not the primary cause of delamination in this
case. The separation of the cast iron matrix occurred over essentially the entire footprint
area created by the movement of the PIN during the tribological test. The likely cause of
the significant delamination is fatigue damage to the cast iron matrix (adhesive wear may
have contributed). The movement of the separated portions of the matrix or portions of
the oxide layer (portions of which are visible in Figure 18a-C) is then likely to have also
caused significant abrasive wear, traces of which are visible on the surface of the specimen
(Figure 18a-D).

Figure 18b shows the condition of the laser-hardened surface after the 11 min tribo-
logical test. At first glance, the completely different behavior of the hardened and non-
hardened surfaces is evident (Figure 18a). The test-damaged surface is again partially cov-
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ered by an oxide layer (Figure 18b-A). By loading this layer during PIN movement, cracks
can form, which can be seen in Figure 18b-C. The gradual propagation and interlocking of
these cracks leads to the separation of the oxide layer from the base material. Compared
to the non-hardened surface, no significant delamination of the cast iron matrix is evident
on the laser-hardened surface. The matrix is not fundamentally damaged even around the
graphite formations (Figure 18b-G). The matrix shows only minor signs of damage. Ac-
cumulated matrix fragments, together with parts of the oxide layer, are trapped on the
exposed graphite (Figure 18b-D). The movement of these hardened fragments and hard
parts of the oxide layer probably contributed strongly to the abrasive wear, traces of which
are visible in Figure 18b-B.

Figure 19 shows the laser-hardened surface of ADI 9k6 310 after a 30 min tribological
test. When comparing the hardened surface (Figure 19) and the non-hardened surface
(Figure 18a) after an identical test length, a completely different behavior is visible at first
glance. The hardened surface does not show areas (the aforementioned craters) where
significant separation of the cast iron matrix has occurred. The trace of the tribological
test is again partially covered by the oxide layer (Figure 19-A). The movement of the PIN
during the test caused cracks to form, propagate, and interlock in this layer; the cracks are
visible in Figure 19-F. The moving separated hard parts then probably contributed again
to the abrasive damage, traces of which are visible in Figure 19-C.

Figure 19. Surface of the laser-hardened ADI 9k6 310 sample after a 30 min tribological test.

In general, the cast iron matrix did not show signs of significant delamination, with
only minor traces of delamination visible on the surface (Figure 19-B). A portion of the ma-
trix was separated with the oxide layer during the test (Figure 19-I). The laser-hardened
matrix did not show significant distortion even around the aforementioned graphite het-
erogeneities (Figure 19-G). The amount of particles that accumulated on the graphite sur-
face during the 11 min control test (Figure 18b-D) was greatly reduced during this main
measurement (Figure 19-H). The surface of the cast iron also shows minor signs of ad-
hesive wear (Figure 19-E). More fundamental damage could have been prevented by the
oxide layer, which limited the contact between the PIN and the cast iron matrix. An ox-
ide layer was present on the laser-blinded surface (Figure 19-]), but this was broken fairly
quickly during the test.

3.2.5. Progress of the ADI 9k6 400 Tribological Test

Figure 20 is a record of the friction coefficient for the non-laser-hardened surface of
the ADI 9k6 400 specimen, which was subjected to a 30 min tribological test. It can be seen
from this record that the values of the friction coefficient exhibit considerable scatter when
the tribological pair is being run in.
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Figure 20. Record of the friction coefficient of the non-laser-hardened surface of the ADI 9k6
400 sample (30 min).

As mentioned several times, such dispersion of values can be caused by a number of
factors. An example is the formation and subsequent breaking of the oxide layer; a larger
graphite formation, which is gradually revealed, can also play a crucial role. In the 11 min
control measurement (Figure 21), such significant dispersion of the value is not visible. The
values of the friction coefficient stabilized only during the 16th minute of the test.
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Figure 21. Record of the friction coefficient of the non-laser-hardened surface of the ADI 9k6

400 sample (control measurement, 11 min).

A record of the friction coefficient for the surface of the laser-hardened ADI 9k6
400 specimen is shown in Figure 22 for the main (30 min) test. It can be observed from
this record that despite a slight initial fluctuation in the friction coefficient values as the tri-
bological pair is being run in, the measured values are relatively stable until the 9th minute
of the test. This initial stability was confirmed by the control (11th minute) measurement
(Figure 23). However, a gradual increase in friction coefficient values can be observed
thereafter in the recording (Figure 22). This increase may be due to a number of factors.
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Figure 22. Record of the friction coefficient of the laser-hardened surface of the ADI 9k6 400 sample
(30 min).
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Figure 23. Record of the friction coefficient of the laser-hardened surface of the ADI 9k6 400 sample
(control measurement, 11 min).

The movement of the PIN leads to the displacement of separated parts, which is prob-
ably one of the main causes of the abrasive wear whose traces are visible on the sample
surface. In this way, the values of the friction coefficient may have gradually increased.

Analysis of the hardened surfaces after the tribological test shows that the surface
subjected to the 11 min tribological test is covered with a relatively compact oxide layer.
On the other hand, the surface of the sample subjected to the longer 30 min test shows
significant distortion of the oxide layer and the cast iron matrix.

3.2.6. Surface Analysis of the ADI 9k6 400 Sample after the Tribological Test

Figure 24a shows the surface of a non-hardened specimen that was subjected to a
30 min tribological test. The test-worn surface is largely covered again with an oxide
layer (Figure 24a-A). However, this layer is not very continuous. Throughout the footprint
(which was created by the movement of the PIN), particularly at its edge, there are visi-
ble areas where there has been a significant separation of the base material (Figure 24a-D).
As this delamination occurs throughout the surface, it is unlikely to be due to the pres-
ence of graphite. In that case, there would be a local separation of the matrix. In this
case, however, it is more likely to be fatigue damage to the surface layers of the cast iron.
Adhesive wear may also have contributed to the delamination, traces of which are also
visible on the surface of the sample (Figure 24a-]). Figure 24a also shows a place where a
more pronounced separation of the matrix occurred around the graphite (Figure 24a-E,G).
Graphite, as a surface heterogeneity and stress concentrator, contributes to the formation
of cracks, which can gradually (under further loading) spread through the surface layers
(Figure 24a-H). Areas are also visible on the surface where the oxide layer (Figure 24a-I)
and the cast iron matrix (Figure 24a-D) have been broken, probably due to loading and de-
formation of the brittle oxide layer. The surface bears signs of the displacement of the ox-
ide layers (Figure 24a-C); the main track mainly contains smaller fragments (Figure 24a-F).
The movement of these separated parts of the surface then probably contributed to the
abrasive damage to the surface; traces of abrasion are visible in Figure 24a-B.

The laser-hardened surface of the ADI 9k6 400 sample after the 11 min tribological test
is shown in Figure 24b. Again, an oxide layer is present on the surface (Figure 24b-A); in
this case, it is quite compact. However, there are signs of its breakage. One reason for this
breach may be graphite. The figure shows where heterogeneities in the form of graphite
have affected the surrounding matrix, causing more intense stresses on the matrix. The
consequence is the formation, propagation, and interconnection of cracks around these
graphite formations (Figure 24b-B). These cracks likely released some graphite
(Figure 24b-C), which was subsequently spread by the movement of the PIN. The exposed
graphite is visible in Figure 24b-G.

The surface also contains cracks that are oriented in the longitudinal direction of the
PIN trace (Figure 24b-D). Given the distribution of these cracks, they are probably not the
result of the presence of graphite but of fatigue damage to the surface layers. Significant
delamination is also evident at the edges of the trace (Figure 24b-E). Adhesive wear, traces
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of which are evident on the surface of the sample, may have contributed to the surface de-
lamination (Figure 24b-I). Traces of abrasion are also evident on the surface (Figure 24b-H),
the likely cause being the movement of detached parts of the surface (Figure 24b-F).

Figure 24. ADI 9k6 400: (a) The surface of a non-laser-hardened ADI 9k6 400 sample after a 30 min
tribological test; (b) The surface of the laser-hardened sample after an 11 min tribological test.

Figure 25 shows the surface of the laser-hardened sample after a 30 min tribologi-
cal test. The surface is again covered with an oxide layer (Figure 25-A). Compared to the
surface of the sample subjected to the shorter 11 min test (Figure 24-B), the oxide layer is
significantly less compact in this case. The longitudinal cracks that were present on the
sample surface after the shorter test apparently contributed to the delamination of the sur-
face layers (Figure 25-B). The tribological test progressively revealed graphite formations
that may have contributed to the delamination of the surface. However, the surrounding
matrix around the exposed graphite formations did not appear to be fundamentally dis-
turbed in any way. The movement of detached parts of the hard oxide layer (Figure 25-D)
and parts of the base material was probably one of the main causes of the abrasive dam-
age, traces of which are visible on the surface (Figure 25-C). Contact between the PIN and
the exposed base material may have led to adhesive damage, traces of which are visible in
Figure 25-E. More intense adhesive wear was probably prevented by the presence of the
oxide layer.

Figure 25. Surface of the laser-hardened ADI 9k6 400 sample after a 30 min tribological test.

3.3. Discussion

From the metallographic analysis of the tested cast iron samples, it is evident that the
changes in structure associated with laser exposure are very similar for all tested samples.
In the laser-hardened samples, the initial ausferritic structure has been transformed, while
the surface layers of the hardened samples are mainly composed of martensite and residual
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austenite. At the same time, there are transition regions between the hardened surface and
the non-hardened core, which are formed by coarser martensite.

The resulting values of the friction coefficient for each specimen are given in Table 3.
Given the type of motion (linear reciprocating) that the PIN performed during the test, it
would theoretically be possible to evaluate both the static and dynamic friction coefficients.
However, the software of the tribometer used does not offer this possibility. For this reason,
the average values of the (static and dynamic) friction coefficient are given in Table 3 below.

Table 3. Average COF values for individual samples.

Sample Test Length [min] N gg—;{ardened Surff;;e éISerened Surfac;D
ADI9k6 240 u 0501 0195 0347 0224
ADI 96310 i 0471 0214 0489 0205
ADI19K6 400 i 0453 0173 0285 0200

For the sample whose isothermal refinement temperature was the lowest of the tested
samples (240 °C), ADI 9k6 240, the trend of the friction coefficient is quite clear. The
laser-hardened surface shows significantly lower values than the non-hardened surface.
It can also be seen from Table 3 that for the main and control measurements, the values
are slightly different; the main reason for this is the run-in phase of the tribological pair,
which, for the shorter (11 min) test, makes up a significantly larger proportion.

The same is true for the sample which, on the other hand, was isothermally cured at
the highest temperature tested (400 °C). The ADI 9k6 400 sample also shows lower friction
coefficient values for the laser-hardened surface. For this sample, there is a relatively high
difference between the average friction coefficient values for the main and control measure-
ments. This difference is probably related to the evolution of the values (seen in the record,
Figure 22) during the test. This is because initially the tribological pair shows relatively sta-
ble values. This stability was confirmed by the control measurement, which largely con-
sists of just this phase. The main measurement then showed a gradual increase in values,
which could not be seen in the shorter control measurement. For this reason, the values for
the two types of testing differ significantly. In the case of sample ADI 9k6 310, which was
isothermally hardened at 310 °C, there is no significant difference between the values of
the laser-hardened and non-hardened surfaces. The hardened surface even shows slightly
higher friction coefficient values. Here, the different properties of the laser-hardened sur-
face may play arole, which may be due to the different distribution of carbon in the starting
material. As already mentioned, the distribution of carbon in isothermally hardened cast
irons as a function of isothermal residence temperature is still a subject of research and
discussion. Thus, it is not possible to clearly assess the influence of this factor. After the
tamping phase, all three samples show very similar values of the friction coefficient.

Figure 26 shows the average friction coefficient values for the individual measure-
ments graphically for better clarity. It is quite clear from this figure that the friction co-
efficient of the non-hardened surface decreased as the temperature of the tested samples
increased with increasing isothermal hardening temperature. This dependence confirms
some publications [29,30].

According to the authors of these publications, austenite can be transformed into
martensite under certain circumstances. The most important factor is a sufficiently high
contact pressure. According to the authors, cast irons hardened at higher temperatures
should be more susceptible to martensitic transformation. These cast irons contain the
block austenite mentioned in the introduction. Thin-film austenite, which is contained
in cast irons with lower isothermal holding temperatures, is not nearly as susceptible to
martensitic transformation. The change in carbon concentration in the stabilized high-
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carbon austenite plays a crucial role here. Austenite with a higher carbon concentration is
significantly more stable, and its martensitic transformation is strongly limited. Another
factor may be the different nature of the loading of the larger block austenite. However,
as already mentioned, this issue is still a subject of research and discussion. This issue is
discussed in more detail in the introduction to this paper.

COF
0.6

0.5
0.4
0.3
0.2

0.1

ADI 9k6 240 ADI 9k6 310 ADI 9k6 400

B Non-hardened surface Hardened surface

Figure 26. Graphically displayed average COF values for individual samples.

When analyzing the behavior of the tested samples by scanning electron microscopy,
the most significant difference in behavior is seen in the ADI 9k6 310 sample. The sur-
face of this non-hardened sample showed the worst behavior after the tribological test.
After the 30 min test, the surface was covered with traces of deep matrix separation of
the cast iron. These traces are evident across the full width of the footprint created by the
movement of the pin. The separation and subsequent movement of the strengthened parts
also resulted in significant abrasion of the sample surface. The laser-hardened surface, on
the other hand, exhibited completely different behavior, the surface showed no signs of
such fundamental disruption of the surface layers as in the case of the non-hardened sur-
face. The oxide layer formed during the test is relatively non-compact. The surface also
shows signs of abrasive wear. There was no significant surface disturbance even around
the graphite, which has significant heterogeneity of structure and a significant stress con-
centration around it.

3.4. Conclusions

During surface laser hardening, all samples were transformed from the initial ausfer-
ritic structure to a homogeneous martensitic structure (the carbon distribution in the initial
ausferritic structure is thus sufficiently uniform to obtain a homogeneous martensite layer).
The metallography then shows that this martensite layer also contains a small proportion
of residual austenite. The samples also show transition regions between the fine marten-
site in the hardened surface and the ausferritic core. This transition zone is made up of
coarser martensite. The laser treatment increased the surface hardness up to 1100 HVO0.1.
This hardness gradually decreased to a depth of 0.8-1 mm, where it reached the level of
the initial ausferritic structure.

During the tribological test, strong oxidation of the surface due to loading was ob-
served for all samples. The oxide layer thus formed limited the development of adhesive
wear. The change in the coefficient of friction due to surface laser hardening is not entirely
clear. In the case of ADI 9k6 240 and ADI 9k6 400, the coefficient of friction decreased due
to the laser treatment. For sample ADI 9k6 310, there was a slight increase in COF after
laser hardening. This sample has the highest hardness after laser hardening and at the
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same time the greatest change in tribological properties. On the surface of the non-laser-
hardened sample of this cast iron, areas of large damage were observed after tribological
testing, essentially crater formation with separated base material. For the same cast iron
after laser hardening, no major surface damage was observed after the tribological test
(the surface was very compact even after the tribological test). All these phenomena may
be related to the different carbon distribution in ADI castings depending on their isother-
mal retention temperature (the carbon distribution then also affects the properties of the
martensitic structure formed).

Interesting is the trend (for unhardened specimens) of decreasing friction coefficient
with increasing temperature of ADI isothermal holding of cast iron. Higher temperatures
lead to a coarser structure that contains high-carbon austenite retained in relatively large
blocks. Such austenite may be susceptible to martensitic transformation at sufficiently high
contact pressures, which will essentially increase the strength and hardness of the surface
layers. This may result in a reduction in the coefficient of friction.
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Abstract: The wear and degradation of tools applied in the high-pressure die casting of Al alloys
induce significant financial losses. The formation of failures on the surface of mold parts caused by
erosion, thermal fatigue, corrosion, and soldering negatively affects the surface quality of castings. In
this study, the lifetime of inserts protected by physical-vapor-deposited coatings (TiN, TiAIN, and
CrAlSiN) is examined under real manufacturing conditions while considering requirements for the
castings’ surface quality (maximum average roughness Ra) defined by the customer. The goal was to
identify the most suitable solution for HPDC in the foundry organization. After the deposition of
PVD coatings on the inserts, the hardness (HRC) values increased from two to five depending on the
coating used, and also the surface roughness was higher in the case of all inserts (Ra values increased
from 0.24 to 0.36 pm). The lifetime of all PVD-coated inserts was higher compared to the uncoated
insert. The highest lifetime was achieved by the application of a TiN coating, when 15,000 shots were
achieved until the inserts” wear negatively affected (increased) the surface roughness of castings,
considering the customer requirements for the maximum Ra value. SEM analysis was used to identify
examples of wear and degradation on the surface of the TiN coated insert.

Keywords: high-pressure die casting; Al alloys; insert’s lifetime; PVD coatings; wear; casting surface
quality; roughness (Ra); SEM

1. Introduction

High-pressure die casting (HPDC) is one of the most important manufacturing pro-
cesses in the automotive industry, as it enables obtaining automotive components with
complex shapes cost-effectively [1]. Molds are exposed to severe conditions during HPDC,
such as high pressure and temperature, and rapid temperature fluctuations. The usual
casting speed moves between 20 and 60 m/s and the temperature ranges around 700°
depending on the aluminum alloy type [2]. Although die lubricants are applied on the mold
surface, these severe conditions trigger failure mechanisms due to the complex chemical,
metallurgical, and mechanical processes such as erosion, thermal fatigue, corrosion, and
soldering [3]. Erosion is characterized by the loss of mold material from the surface as a
result of mechanical processes. Thermal fatigue cracks can be divided by their appearance
into heat checks and stress cracks. The studies have revealed that crack initiation and prop-
agation are increased by higher heating temperatures and higher heating/cooling rates [4].
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According to [5], erosion and soldering are regarded as the primary causes of HPDC pro-
duction downtime. In HPDC, molten aluminum tends to react with tool steel and forms
Fe—Al intermetallic layers because the solidus temperature of the Al-Fe diagram phase is
lower than molten aluminum [6]. This condition is referred to as metallurgical /chemical
soldering (or die sticking). Die soldering can be classified as metallurgical/chemical and
mechanical [4]. Metallurgical soldering occurs at high surface temperatures and takes time
to develop. Mechanical soldering happens almost promptly under high pressure, after one
shot or a few shots, when there is not enough time for the formation of an intermetallic
layer [7]. It does not require too high surface temperatures. Mechanical and chemical
soldering can appear simultaneously [8]. The formation of soldering often requires rectify-
ing the tool surface by mechanical processes (machining, grinding, polishing, etc.) after
stopping production [9]. The above-mentioned surface failure modes lead to damage of
the mold surface and a reduction in casting surface quality. They can also change the
dimensions of castings. Tools and maintenance costs constitute a remarkable part of the
production costs of HPDC, and different approaches have been sought to maximize the
lifetime of tools. This can involve the optimization of process conditions, the consideration
of tool material, tool surface treatments, and coatings deposition.

Surface roughness is one of the most important metrics determining the surface
quality of produced castings. Besides surface quality characteristics, other quality char-
acteristics can determine the quality of castings, e.g., dimensional, mechanical (hardness,
strength, etc.), and chemical characteristics [10]. Organizations supplying parts in the
automotive industry are certified according to the International Automotive Task Force
(IATF) 16949:2016 automotive quality management system standard and must meet quality
requirements specified by customer organizations [11]. The technological service life of
mold is often limited by the quality requirements specified for the casting and tolerance
intervals for HPDC process parameters [12]. The maintenance or replacement of mold
parts due to erosion, cracks, corrosion, and soldering that negatively affect the castings’
quality induces costs. Therefore, producers need to find the best solution to increase the
lifetime of tools as well as reduce maintenance costs.

Heat treatment, nitriding, and PVD coatings have been employed to withstand the
degradation mechanisms of molds. Erosion and soldering can be reduced by maintaining
the hardness of the mold at 44—48 HRC, nitriding of the mold surface, and the deposition
of PVD coatings [13]. Several studies have confirmed the positive effect of nitride-based
PVD coatings in the HPDC of aluminum alloys, e.g., [1,2,14-22]. Multicomponent coatings
and multilayer structures have been designed to improve the performance of PVD coatings
(mechanical, chemical, and tribological properties). According to [23] (p. 258), multilayer
coatings offer the means to tailor the surface properties in demand.

In the study conducted by [14] (pp. 200-205), the positive effect of TiN, CrN, and
TiCN coatings deposited on core pins in terms of soldering was confirmed in HPDC
(semi-industrial trials). The study also concluded that the increased build-up of aluminum
alloy is connected with the increased surface roughness of PVD-coated pins (blasted).
TiN and TiAIN have high wear resistance and high hardness [24]. According to [25]
(p. 123866), despite the many advantages of TiN, it becomes oxidized at a temperature of
550 °C. The oxidation resistance of TiIAIN and TiAISiN can be enhanced to around 850
to 950 °C [26]. This is much higher than in the case of TiN-coated films. On the other
hand, the comparative study [27] (pp. 260-265) examining TiN and TiAIN coating layers
showed that TiN coating has higher abrasive resistance than TiAIN. The friction coefficient
of TiAIN is higher than TiN [28]. Besides Ti-based coatings, Cr-based coatings have
been also widely applied in the industry. A CrN coating has higher oxidation resistance
than a TiN coating, however, exposure to higher temperatures, up to 800 °C, causes a
deterioration in mechanical properties due to the loss of N. Several studies confirmed
that multilayer TiN/CrN coatings have superior properties compared to monolayer TiN
and CrN [29]. Authors of the study [30] (pp. 74-81) tested the tribological properties
of selected coatings and concluded that CrN outperforms TiN and TiAIN, while TiAIN
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performed the worst. Chromium-based hard coatings such as CrN or CrAIN have been
proven to have excellent tribological properties [31]. In the case of CrAlSiN, the friction
coefficient is lower than for TiAIN and higher than for TiN [32]. The study [33] (p. 17—
20) comparing textured and non-textured surfaces of PVD-coated (AIXN3 and nACRo4)
tools in HPDC concluded lower values of the coefficient of friction in the case of textured
surfaces. CrAlSiN has excellent thermal stability. Within the study [16] (p. 358), CrAISiN
coating systems with different chemical composition modulations were tested regarding
washout in HPDC. Washout damage is attributed to corrosion and soldering, where molten
aluminum comes into contact with the surface of the steel mold. The correlation between
the erosion and soldering of molten aluminum was confirmed by the study [18]. Except for
washout, the cracks in PVD coatings can also be the primary reason for molten aluminum
penetration, which dissolves the steel substrate, causing the cracked coating to flake off, as
was concluded in the study [17].

The selection of the optimal PVD surface treatment of molds in foundry organizations
has to be taken into account in terms of effectiveness and costs [34]. Several factors
influence the formation of failure mechanisms on mold parts, like the chemical composition
of casting alloy, casting temperature, casting speed, tool shape, mold material, surface
treatment of a mold, and other process conditions [13,35]. Despite several studies on
PVD coatings (primarily in laboratory conditions) in terms of their mechanical wear and
chemical resistance, we have not encountered a study comparing the selected nitride-based
PVD coatings (TiN, TiAIN, and CrAlSiN) in the HPDC process. Our research focuses on the
study of the mold inserts’ lifetime—uncoated and coated with selected nitride-based PVD
coatings—TiN, TiAIN, and CrAlISiN under real production conditions. The study also aims
to identify failure modes resulting in the decommissioning of inserts. The lifetime of the
inserts is limited by the requirements on the surface quality (surface roughness) of produced
casting that is supplied to the car manufacturer, who determines the maximum tolerance
limit of surface roughness (Ra). There have been several studies determining tools’ lifetime.
The study conducted in [36] examined cores’ lifetime with different surface treatments
and PACVD coatings in industrial applications, while maximum lifetime (maximum shots
achieved) was defined when coating failures appeared on the surface of cores. The study
focusing on the effect of additively manufactured inserts in terms of their lifetime in
laboratory conditions determined the maximum lifetime of the insert up to the presence of
macroscopic cracks on the inserts” surface [37]. It was the same in the research conducted
in [38]. In our study, the inserts’ lifetime is limited by the customer requirement for the
maximum average surface roughness (Ra) of castings. After the formation of failures on
the inserts that cause an increase in casting surface roughness (over the maximum specified
Ra value), they must be decommissioned and their lifetime ends.

2. Materials and Methods
2.1. Material of Inserts and Surface Treatment

AISI H11 steel (DIN X38CrMoV5-1) was used to manufacture the mold inserts, with
high toughness and good strength properties at higher temperatures. It is used for man-
ufacturing tools like pressing tools, high-pressure die casting tools, and tools to produce
screws, nuts, pins, etc. The chemical composition of the steel is shown in Table 1. The tool
steel went under heat treatment and was hardened and tempered.

Table 1. AISI H 11 (DIN x 38 CrMoV5-1) chemical composition (wt. %).

C Si Mn Cr Mo Vv Fe
0.38 0.90 0.40 5.20 1.30 0.45 balance

The following coatings were deposited by the PVD technique on the H11 steel mold
inserts: TiN (commercial name—Balint A), TIAIN (commercial name—Balint Futura Nano),
and CrAlSiN (commercial name—Alwin), to study their lifetime considering the require-
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ments for the surface quality of the castings. The arc vapor deposition technique (low
voltage) was used in all cases. The coatings were deposited at 450 °C by the supplier.
Figure 1 shows the inserts used in the study. One insert was uncoated and three were
coated with CrAISiN, TiAIN, and TiN film to examine and compare their wear resistance
in real manufacturing conditions that delivered the same product. The thickness of the
deposited coatings was around 2 pm. Calo testing was performed to measure the thickness
of the coatings. The thickness was declared by the supplier (according to ISO 26423 [39]).

(a) (b) (0) (d)

Figure 1. Mold inserts: (a) uncoated; (b) coated with CrAlSiN; (c) coated with TiAIN; and (d) coated
with TiN.

2.2. Casting and Casting Process Conditions

Figure 2 shows the 3D model of the produced casting. It is the throttle valve for a
turbocharger in a car. The functional part of the casting consists, among other things, of the
bearing surface for the gasket, where the original equipment manufacturer (OEM) mounts
the flange. The roughness of the bearing surface is a special characteristic, and it is required
by the OEM to achieve the value Ra = max 2.5 um. According to IATF 16949:2016, special
characteristics are product characteristics or manufacturing process parameters that can
affect safety or compliance with regulations, fit, function, and performance. In this case,
the bearing surface can affect the fit and function of the product [40]. The standard requires
compliance with customer-specified definitions and symbols. Therefore, a product with
the bearing surface roughness Ra > 2.5 pm is considered to be a nonconformity and can’t
be supplied to the OEM.

Ra=max. 25

Figure 2. Throttle body with the marked value of the bearing surface roughness specified by the
customer (Ra = max. 2.5 pm).

The product was produced within serial production; therefore, it was possible to
perform the required number of shots for the study using different PVD coatings. The
casting temperature in the process ranged from 708 to 712 °C and the casting speed was
from 21 to 21.3 m/s. The lubricant was applied in the process after each shot (Chem-Trend®
SL-61014B). The chemical composition of the aluminum alloy AlSi11Cu2(Fe) used in the
casting process is shown in Table 2.
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Table 2. AlSi11Cu2(Fe) chemical composition (wt. %).

Fe Si Mn Ni Cr Ti Cu Pb Mg Zn Sn Al
max 10- max max max max 1.5- max max max max bal
1.1 12 0.55 0.45 0.15 0.25 25 0.25 03 17 0.15 alance

2.3. Estimation of Hardness of Inserts and Roughness of Bearing Surface of Castings

The hardness (HRC) of the mold inserts (uncoated and with PVD coatings—TiN,
TiAIN, and CrAlSiN) that were subsequently used in the HPDC process was measured
with the hardness tester TIME 5100 TH-170 (Beijing TIME High Technology Ltd., Beijing,
China). The measurement was performed by a certified final inspection according to ASTM
A 956 and DIN 50156 [41,42]. The average roughness (Ra) of the bearing surface of inserts
was estimated using the surface tester Mitutoyo SJ-210 (Mitutoyo Corporation, Japan)
before initiating the casting process. The measurement was performed in accordance with
the JIS-B-0601-2001 and ISO 21920-2:2021 standards [43,44]. The average roughness (Ra) of
the cast products’ surface was subsequently estimated after every 500 shots using different
inserts in the HPDC process (uncoated insert and inserts protected with TiN, TiAIN, and
CrAlSiN coatings). Mechanical polishing of inserts was done manually in the case of the
uncoated insert and inserts with TiN and TiAIN coatings.

2.4. Specimen Preparation and Optical Microscopy and SEM

The metallographic analysis was performed on the surface of the specimen and
in a cross-section. A metallographic cut in the cross-section was prepared by standard
procedures: grinding, polishing, and etching in a Nital 4% solution. The microstructure
observations of prepared specimens were carried out using a light optical microscope
(LOM) OLYMPUS GX71 (Olympus Corporation, Tokyo, Japan) equipped with a digital
camera. The local microstructures were observed using a scanning electron microscope
(SEM) JEOL JSM-7000F (JEOL Ltd., Tokyo, Japan) equipped with backscatter electron (BSE)
detectors and an energy-dispersive X-ray analysis (EDX).

3. Results and Discussion
3.1. Optical Microscopy and SEM Analysis

Figure 3 shows the SEM image of the cross-sections of the TiN-coated insert (with a
coating thickness of around 2 pm) and the results of the EDX determining the elemental
composition of the TiN.

Element Weight % Atomic %

Spectrum 1
NK 14.39 36.5
TiK 85.61 63.5
Total 100 100

_ 7. s’ a -
UMV SAV SEI 150kV  X10,000

Figure 3. SEM image of cross-section of TiN-coated insert before use and results of EDX analysis.

Optical and SEM analyses were performed to identify possible failures on the surface
of the insert. The TiN-coated insert served as an example for the illustration of emerging
failures on the surface. The examined insert was after 15,000 shots. Figure 4 shows the
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surface morphology and cross-sections of the specimen of the TiN-coated insert. The
image of the surface morphology illustrated in Figure 4a shows the erosion of the coating
presented by multiple craters, which were concentrated in a ring around the inner hole
of the insert. Figure 4b shows the wear and degradation of the coating. There are areas
of missing coating and indentation. Figure 4c illustrates that in addition to wear and
uncoated areas, there is a visible rise of material above the coating. These failures have
significant importance in terms of the surface quality of the produced casting (there is a low
maximum tolerance limit of average surface roughness). The failure negatively impacts the
insert’s lifetime.

50.0 ym
50.0 ym

(c)

Figure 4. Optical microscopy images of the specimen of the insert coated with TiN after shots:
(a) surface morphology of specimen; (b) cross-section of the specimen; and (c) cross-section of
the specimen.

Figure 5 shows the SEM images of the specimen with the TiN-coated insert. Figure 5a
illustrates the details of the crater, whose center is formed by island-like formations of
the coating. In Figure 5b, a more detailed coating failure is visible, which is accompanied
by the gradual breaking off of small sharp parts of the coating. This cracking is probably
caused by the cyclic thermomechanical effect of the HPDC process.

N < e 3 PR ] e
X600 10pm WD 10.1mm

UMV SAV UMV SAV

(b)

Figure 5. SEM backscattered electron images of surface morphology of the insert’s specimen coated
with TiN after shots: (a) crater and (b) surface failure.

Figure 6 shows cross-sections of the specimen of the insert coated with TiN after shots.
The first, Figure 6a, shows the thinned thickness of the coating, which is around 1.25 pm.
Figure 6b shows local erosion of the surface under 0.8 pm in the form of a regular crater.
Under the coating, local plastic deformation of the basic material is visible. It is probably
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caused by high temperatures and high stress. Cavities were visible in several places in
the cross-section. Figure 6¢c shows local coating failure at the bottom, which is the basic
metal of the mold insert. The failures and cracks (Figure 5b) can be a prerequisite for the
formation of intermetallic layers of Fe-Al as was mentioned by several studies, but within
our analysis, the intermetallic layers were not identified.

e ——
-

UMV SAV SEI 15.0kv  X10,000 Tum WD 10.1mm

UMV SAV SEI 150KV X10,000 1pm WD 10.3mm UMV SAV SEI 15.0kv  X4000 1“m_ WD 10.2mm

(a) (b)

Figure 6. SEM of cross-sections of insert’s specimen coated with TiN after shots: (a) thinned coating;

(b) local erosion; and (c) local coating failure.

3.2. Hardness and Surface Roughness

Table 3 shows the values of parameters that were measured on the surface of the
inserts before the initiation of the casting process. As can be seen in Table 3, the uncoated
insert achieved the optimal value of hardness—48 HRC after the heat treatment, as it
was mentioned as the value within the desired range according to [13] (p. 120) and [3]
(p. 235). The roughness of the uncoated insert was the lowest, achieving Ra = 0.10 pm. PVD
coatings increased the hardness of the inserts. The highest hardness of the PVD-coated
inserts was measured for the TiAIN and the lowest for the TiN-coated surface. TiAIN
and CrAlISiN have more complex crystal structures compared to TiN. The incorporation
of aluminum and silicon causes lattice distortions, increasing hardness. The TiN-coated
insert had the highest roughness of Ra = 0.46. The lowest roughness was measured for
the surface with the deposited CrAISiN coating with Ra = 0.34. The arc vapor deposition
can introduce macroparticles or droplets, affecting the surface roughness. The smoother
surface of CrAlSiN could be affected by the refining effect of silicon on the grain structure.

Table 3. Values of parameters of uncoated insert and inserts coated with CrAISiN, TiAIN, and TiN.

IX ::;?;Zfs Uncoated Ccr‘:;tS:dN- TiAIN-Coated TiN-Coated
Hardness (HRC)
Mean 48 52 53 50
sD 0.4 0.9 1.1 0.6
Roughness (um)
Ra 0.10 0.34 0.39 0.46
Rz 0.6 1.1 1.6 14

The following Figure 7 shows the measured Ra values of the casting surface after
every 500 shots using the uncoated insert and inserts protected with CrAlISiN, TiAIN, and
TiN. The wear of the inserts’ surface negatively affects the surface of the castings produced.
It increases the roughness of the casting surface. As we take into account the customer
requirement, of which the maximum allowed value of the produced casting’s surface is
Ra = 2.5 um, the possible inserts’ lifetime is limited. Castings with higher values of Ra
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cannot be delivered to the customer and are considered as a non-conformity, and inserts
are decommissioned.

3 3
— 25 25
g 3 polishing g 1% polishing N
= 2 2nd polishing % 2
<
I~ =
g 15 — §15
,.é 15t polishing E
% 1 x N
S o
= 05 =05

0 L 1 1 1 1 1 1 1 0 1 1 I I 1 1 1

0 1000 2000 3000 4000 5000 6000 7000 8000 0 1500 3000 4500 6000 7500 9000 10500 12000
Number of shots Number of shots
(a) (b)

3 3
— 25 1% polishing 25
£ £
= 5 = -
é } &: -
§ 15 § 1.5
_E s
o 1 1
3 3
) )
=05 %05

0 1 L 1 " 1 1 0 L . . . L L .

0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000 16000
Number of shots Number of shots
(0) (d)

Figure 7. Average roughness values (Ra) of the bearing surfaces of castings after the shots using:
(a) uncoated insert; (b) insert with CrAlSiN-coated film; (c) insert with TiAIN-coated film; and
(d) insert with TiN-coated film.

The uncoated insert during the examination was polished thrice, as the roughness
value was rapidly increasing. The goal was to prolong the lifetime of the inserts used in the
production, taking into account the maximum prescribed Ra value for castings. However,
it had a minimal effect on lowering the roughness value and lifetime prolongation of the
insert. The first polishing helped to slightly decrease the roughness—ARa 0.32. A similar
effect of lowering of the roughness was also observed after the second and third polishing.
The lifetime of the insert ended after 7000 shots as the Ra value reached the tolerance limit
of Ra = 2.5 um. If the production had been continued, non-conforming castings would
have been produced.

In the case of the inserts protected by CrAISiN and TiAIN coatings, the polishing was
performed one time, when the value of Ra was approaching 2 pm. The TiN-coated insert
was not polished. The roughness of the CrAlSiN-coated insert started to grow significantly
after 4500 shots (linear growth). Polishing was performed after 7000 shots. The polishing
brought a more significant decrease in roughness in comparison with the uncoated insert.
However, it started to increase at the same pace, and after 3000 shots, the roughness
achieved the value before polishing. The Ra value of the TiAIN-coated insert started to rise
more significantly (linear) after 3500 shots. At 900 shots, as it significantly increased up to
the value of Ra = 2, it was polished, and after 11,000 shots, the value reached that before
polishing. This insert was used until 12,000 shots. The highest efficiency was achieved
using the TiN-coated insert, where the increasing roughness of the produced castings was
the lowest and compared to the inserts protected with the previously mentioned coatings,
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Ra = 2 was reached until 13,000 shots. Therefore, the polishing of this insert was not
realized. It was possible to use this insert until 15,000 shots without polishing.

Figure 8 shows the increase of roughness (Ra) of the castings produced using the
uncoated insert and PVD-coated inserts (TiN, TiAIN, and CrAISiN). There is a significant
difference between the uncoated insert and other PVD-protected inserts in terms of the
insert lifetime. The deposition of PVD coatings prolonged the inserts’ lifetime. Despite
the highest initial roughness of the TiN-coated insert, it was able to achieve the highest
number of shots until the produced castings achieved the limited value of Ra without
polishing. Although TiN has a lower oxidation temperature in comparison with the TiAIN
and CrAlSiN coatings, and some studies concluded better wear and corrosion resistance of
TiAIN than TiN, in our study, under the given process conditions (described in Material
and Methods), the TiN coating achieved the longest lifetime. It is considered to be the best
option for the organization in terms of effectiveness and efficiency.

| TiN TiAIN CrAlISiN Uncoated

N

Roughness Ra [um]
=) =
© Gl =k N B oW

?"
1 1 1 1 1 1 1

0 2000 4000 6000 8000 10000 12000 14000 16000

Number of shots

Figure 8. Average roughness values (Ra) of the bearing surfaces of castings using an uncoated insert
and coated inserts with TiN, TiAIN, and CrAISiN.

The TiN-coated surface had the highest roughness, which could cause the capturing
of lubricant (applied after shots) that protects the surface. This effect was confirmed in the
case of textured PVD coatings in the study according to [33].

4. Conclusions

Based on our study, the main conclusions resulting from the investigations and analysis
are as follows:

e The optical and SEM analysis showed wear and the formation of craters at the bottom,
of which the uncovered basic material of the insert is visible. The study of surface
morphology revealed the presence of cracks probably caused by the cyclic thermome-
chanical effect. These failures can be prerequisites for the formation of intermetallic
Fe-Al layers. They negatively affect the surface quality of castings, manifesting by
increasing average roughness (Ra).

e  The PVD-coated inserts achieved a significantly longer lifetime than uncoated inserts
concerning the requirements of casting surface roughness (Ra), while the TiN-coated
insert performed the best in comparison with TiIAIN- and CrAlSiN-coated inserts. The
difference in lifetime using TiAIN- and CrAlSiN-coated inserts was only 10,000 shots,
with an advantage for TiAIN.
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e  The polishing performed to prolong the inserts’ lifetime had a minimal effect on the
uncoated insert (prolongation of lifetime by 500 shots). It was also applied in the case
of TiIAIN- and CrAlSiN-coated inserts when they were approaching the critical value
of Ra and the prolongation of lifetime ranged from 2000 to 3000 shots.
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Abstract: In this paper, using laser direct writing technology, a femtosecond laser was used to process
a periodic grating structure on a 99.99% tungsten target. The specific parameters of the laser are as
follows: a center wavelength of 800 nm, pulse width of 35 fs, repetition rate of 1 kHz, and maximum
single pulse energy of 3.5 mJ. The surface morphology of the samples was characterized and analyzed
using a scanning electron microscope (SEM, Coxem, Republic of Korea) and atomic force microscope
(AFM, Being Nano-Instruments, China). The thermal radiation infrared spectrum of the tungsten
target with grating structures was measured using a Fourier transform infrared spectrometer (Vertex
70, Bruker, Germany). The results show that as the laser fluence increases, the depth of the groove,
the width of the nanostructure region, and the width of the direct writing etching region all increase.
The peak thermal radiation enhancement appears around the wavenumber of 900 cm ™! when the
laser fluence is sufficient. Additionally, its intensity initially increases and then decreases as the
laser fluence increases. If the grating period is too large, the impact on thermal radiation is not clear.
The heating temperature significantly affects the intensity of thermal radiation but does not have
a noticeable effect on the position of thermal radiation peaks. Moreover, the relative weighting of
different wavenumbers changes as the temperature increases.

Keywords: thermal radiation; grating structure; direct writing processing; femtosecond laser

1. Introduction

The emission of thermal radiation is an inherent property of all objects [1-3]. When
the temperature is higher than absolute zero, the emitted electromagnetic wave radiation
resulting from the changing thermal motion state of microscopic particles is known as
thermal radiation [4,5]. All objects emit and absorb radiation energy, and thermal radiation
is closely intertwined with human daily life and industrial production [6]. The global energy
situation is becoming increasingly tense. The effective use of solar energy has always been
a matter of concern. Currently, solar power generation primarily utilizes photovoltaic cells
to convert solar radiation energy into electrical energy. However, photovoltaic cells can
only absorb and convert a small portion of the frequency of radiation energy into electrical
energy. Enhancing the solar cell surface’s absorption performance effectively improves
its photoelectric conversion efficiency [7-11]. In high-altitude or space environments,
traditional heat transfer methods are not effective, so aerospace equipment primarily relies
on heat radiation transfer. Currently, most aircraft use nano-coatings to enhance surface
emissivity. However, these coatings may introduce safety risks and increase the aircraft’s
load. Therefore, improving aircraft surface emissivity is extremely important for the
aerospace industry. With the continuous advancements in human science and technology,
the demand for high-tech equipment across various fields to regulate and control thermal
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radiation characteristics is increasing. Existing thermal radiation control technology is
inadequate to meet technological development and application needs. Therefore, exploring
and researching new thermal radiation control technology is essential.

There are various micro—nano structures in nature, and these structures provide or-
ganisms with many unique functional properties [12-14]. When materials have micro- and
nano-scale structures on their surface, certain properties can be altered (such as thermal
radiation, optics, infiltration, adhesion and desorption, superhydrophobicity, etc.) [15-22].
In recent years, there has been increasing research interest in manipulating the thermal
radiation characteristics of materials by altering the micro—nano structures on their sur-
faces [23-29]. The primary research mechanisms for controlling the thermal radiation
characteristics of materials involve changing the micro-nano structures on the material’s
surface, including the microcavity resonance effect and surface plasmon resonance ef-
fect [30-33]. The Japanese scientist Sai used the rigorous coupled wave analysis method to
calculate and simulate the impact of microcavity resonance mode on the thermal radiation
of the deep metal grating structure. Through experiments, Sai verified that microcavity
resonance mode is not dependent on its angle [34,35]. Mason et al. used chemical etching
to fabricate a one-dimensional grating on steel, which resulted in a 2.6 increase in the
thermal radiation spectrum. Moreover, they explained the thermal radiation enhancement
mechanism based on surface plasmon polaritons [36,37]. Jiao et al. demonstrated that
through experiments and simulations, a one-step ultrafast laser writing technology based
on the phase change material Ge,Sb,Tes (GST) can achieve position-selective regulation of
thermal radiation [38]. In recent years, laser technology has rapidly developed, particularly
the emergence of ultrafast femtosecond pulse lasers, which have opened up new possibili-
ties for surface micro—nano structure manufacturing. Femtosecond laser processing offers
significant advantages such as ultra-short pulse width, ultra-high power density, extremely
high processing accuracy, and minimal heat-affected zones. Additionally, femtosecond
lasers can achieve high-precision processing on almost all kinds of materials, including met-
als, non-metals, and semiconductors [39-45]. The femtosecond laser’s characteristics make
it an effective method for creating micro—nano structures on material surfaces, particularly
in surface micro-nano manufacturing. By altering the surface’s micro-nano structure, we
can control the thermal radiation characteristics of materials, which has significant poten-
tial applications in various fields. These applications include improving solar absorbers’
absorption efficiency, enhancing electronic device heat dissipation, developing infrared
thermal radiators, and advancing aerospace thermal control [46-51].

Tungsten has a high melting point, low vapor pressure, and stable chemical proper-
ties, making it extensively utilized in machinery, construction, transportation, electronics,
military, and aerospace [52,53]. In this paper, we used femtosecond laser direct writing
technology to process a surface periodic grating structure on a 99.99% pure tungsten target.
We then experimentally explored the impact of the grating structure on thermal radia-
tion characteristics. We surveyed and recorded the variation rule of the tungsten target’s
periodic grating structure by changing the laser fluence. At the same time, the infrared
spectra of various periodic grating structures were measured to explore their impact on
thermal radiation characteristics. Changing the periodic grating structure of the tungsten’s
surface can help achieve the desired thermal radiation characteristics, which can advance
related technologies in different fields. The enhanced peak of thermal radiation is gener-
ated due to the emission of thermally excited particles from the heated material’s surface,
which is coupled with the surface grating structure. The resonance excites the surface
plasmon polaritons, which leads to the radiation enhancement at a certain frequency. In
previous research, FTIR was used to analyze the thermal radiation spectra of the samples
as described in the published paper [36,54,55]. The authors obtained excellent results
and made scientific explanations, demonstrating the feasibility of the research approach.
Consequently, we modified the measurement method of the Fourier transform infrared
(FTIR) spectrometer based on previous research. The specific working mechanism of FTIR
is described as follows. Using the FTIR interface, we introduced the heated sample into
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the spectrometer as an external light source. An external optical path was set up near the
external light source port to collect the thermal radiation generated by the heated sample.
The radiation was gathered by the off-axis parabolic mirror and directed to the external
light source port of the FTIR. By doing this, we were able to obtain the thermal radiation
spectrum of the samples.

2. Materials and Methods
2.1. Preparation and Characterization of Micro—Nano Structure

The femtosecond laser experimental apparatus for processing micro-nano grating
structures on a tungsten target includes three main components: an external optical path
system, a direct writing processing system, and a sample translation stage. The femtosecond
laser source utilizes the Coherent Company’s Ti-sapphire femtosecond laser (LEGEND
ELITE, Coherent, Saxonburg, PA, USA). The specific parameters are as follows: a center
wavelength of 800 nm, a pulse width of 35 fs, a repetition rate of 1 kHz, and a maximum
single pulse energy of 3.5 mJ. The laser pulse’s fluence could be continuously adjusted
using a neutral attenuator. Once the required fluence was set, the femtosecond laser
was directed onto the Olympus microscope system (Olympus, Tokyo, Japan). Within the
Olympus microscope system, the beam was focused on a 99.99% pure tungsten target
surface using an objective lens with a magnification of 10x and a numerical aperture of
0.25. To process surface grating structures with varying periods, the scanning speed and
trajectory of the Newport three-dimensional precision translation stage were adjusted
(Note: the experiment was conducted in an air environment).

The control script was input into the electronic control translation stage, and the
scanning speed was set to 1 mm/s. After the x-axis moved X mm, the y-axis moved P pm.
Then the x-axis moved X mm in the opposite direction, and the y-axis moved P um. This ‘S’-
shaped path scanning was repeated, and finally, a one-dimensional grating structure with
a period of P um was obtained. Simultaneously, by adjusting the neutral attenuator, the
femtosecond laser fluences were set to 0.64 J/cm?, 1.27]/cm?,1.91J/cm?, ..., 9.55 ] /cm?.
Different laser fluences were used to process the tungsten. After direct writing, the samples
were placed in ethanol and cleaned using an ultrasonic cleaner. Once dried, their surface
morphology was characterized using scanning electron microscopy (SEM, Coxem, Daejeon,
Republic of Korea) and atomic force microscopy (AFM, Being Nano-Instruments, Beijing,
China). The study established the relationship between different experimental parameters,
such as femtosecond laser fluence, scanning speed, and grating structure. Additionally, the
surface micro-nano structures were measured using a Bruker Fourier infrared spectrometer
(Vertex 70, Bruker, Berlin, Germany) for thermal radiation. We modified the measurement
method of the Fourier transform infrared (FTIR) spectrometer (Vertex 70, Bruker, Germany)
based on previous research. Using the FTIR interface, we introduced the heated sample into
the spectrometer as an external light source. An external optical path was set up near the
external light source port to collect the thermal radiation generated by the heated sample.
The radiation was gathered by the off-axis parabolic mirror and directed to the external
light source port of the FTIR. By doing this, we were able to obtain the thermal radiation
spectrum of the samples.

As a result, we analyze how grating structures processed with different laser fluences
affect thermal radiation characteristics. Furthermore, we explore the impact of temperature
on the thermal radiation characteristics of tungsten targets with specific grating structures.
The thermal radiation infrared spectrum measurement device is illustrated in Figure 1.
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Bruker Vertex 70 Off-axis parabolic mirror

Heater

Figure 1. The equipment for measuring the infrared thermal radiation spectrum.

2.2. Simulation Method and Model Design

The simulation utilizes COMSOL Multiphysics software (COMSOL Multiphysics 5.6),
which is based on finite element analysis and multi-physics coupling. It can accurately
simulate and predict the process of light-matter interaction in optical simulations. In
COMSOL, the most commonly used method for electromagnetic field calculation assumes
that the electromagnetic field is a first-order time-harmonic field, with the time-independent
part being a vector field with complex values. The solution is performed at a certain time-
harmonic frequency, known as frequency domain electromagnetic simulation. When
working with time-harmonic fields in COMSOL, the frequency domain simulation is used
to solve the Helmholtz equation for the electric and magnetic fields. The main modeling
steps in COMSOL Multiphysics are as follows: 1. Select the relevant physical fields
and research content. 2. Model the geometric structure. 3. Set the material properties.
4. Define the boundary conditions. 5. Create the mesh. 6. Run the operation and perform
the calculations.

In this study, we modeled the surface grating structure and simulated the emission
spectra of gratings with different periodic structure parameters. We then compared these
simulated results with experimental data. Figure 2 displays the schematic diagram illus-
trating the interaction between electromagnetic waves and micro—nano periodic structures.
The structural parameters include the grating period (P), width (W), and depth (d). Mean-
while, the specific parameters were adjusted based on the experimentally prepared grating
structure. Because the grating structure was periodic, the simulation was carried out in
a two-dimensional plane. The periodic condition was set as the Floquet period, and the
appropriate grid accuracy was divided according to the physical field.

H
E/\k

1
1
1
1
1
1
1
1
1

Figure 2. The schematic diagram of an electromagnetic wave incident on the surface of the grat-
ing structure.
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3. Results and Discussion
3.1. The Influence of Varying Laser Fluence on the Grating Structure

In our experiments, we find that when the laser energy density is 0.64 J/ cm?, an
ablation area starts to appear on the surface of the tungsten. The laser ablation threshold
depends not only on the material’s properties but also on the laser parameters. The pulse
width is a crucial parameter that affects the ablation threshold. For long pulse lasers with
a pulse width above nanoseconds, the ablation threshold is reflected in statistical char-
acteristics. In the case of ultrashort pulse lasers, the statistical properties of the ablation
threshold may not be readily apparent because of the predominant influence of nonlinear
effects. The Gaussian distribution of the femtosecond laser beam results in high intermedi-
ate energy and low edge energy. The high intermediate energy surpasses the material’s
ablation threshold, leading to the formation of a direct writing etching region. On the other
hand, the relatively weak edge energy fails to reach the ablation threshold, resulting in
the formation of a nanostructured region. Figure 3 illustrates the clear definition of the
nanostructured region and the direct writing etching region.
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Figure 3. (a) Energy distribution of femtosecond laser; (b) SEM image with a laser fluence of

5.73]/cm? and scanning speed of 1 mm/s.

In this study, we explore the impact of different laser fluences on the depth of the
grating structure’s grooves, as illustrated in Figure 4a. We maintained a scanning speed of
1 mm/s while increasing the laser fluence from 0.64 J/ cm? t0 9.55 ] /cm?. To analyze the
data, we used polynomial fitting. Polynomial fitting offers high flexibility, better reflects
data trends, and involves simple calculations. After optimizing the fitting process, we
achieved an R-squared correlation coefficient of over 0.9. This indicates that the fitted curve
closely matches the data, demonstrating the feasibility of the fitting process. In Figure 4a, it
is evident that the depth of the groove increases as the femtosecond laser fluence increases.
At a laser fluence of 0.64 J/cm?, the depth of the groove is 0.35 um. However, when the
laser fluence is increased to 8.28 J/cm?, the groove depth also increases to 2.6 um, and the
maximum error is 0.195 pm. As the laser fluence and energy increase, the ablation of the
target also increases, resulting in a greater depth of the groove.

It is crucial to consider several factors when studying the grating structure, such as
the period, the depth of the groove, the size of the nanostructure region, and the direct
writing etching region. This study specifically focuses on how the femtosecond laser fluence
influences the ablation area of the grating structure. The translation stage’s scanning speed
was 1 mm/s, and the grating period was 20 um. By adjusting the femtosecond laser
fluence using a neutral attenuator, ranging from 0.64 J/cm? to 9.55 ] /cm?, we were able
to process a tungsten target under varying laser fluence. The grating period measured by
SEM was consistent with the procedure’s setting. Figure 5 demonstrates how the width of
the nanostructured region and the direct writing etching region is influenced by varying
laser fluence. In addition, a polynomial fitting was used, and the correlation coefficient
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R-squared was over 0.9. Observing Figure 5a,b, it is evident that both the width of the
nanostructured region and the width of the direct writing etching region increase as the
femtosecond laser fluence increases. At a laser fluence of 0.64 J/cm?, the width of the
nanostructured region is the smallest at 5.62 um, while at 9.55 J/ cm?, the width of the
nanostructured region is the largest at 10.575 pm, and the maximum error of the width of
0.203 pum.
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Figure 4. (a) The variation of the depth of the groove under varying laser fluence; (b) AFM image
with a laser fluence of 3.18 J/cm? and scanning speed of 1 mm /s (the red arrow corresponds to the
start of the scanning range and the green arrow to the end).
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Figure 5. (a) The variation of the width of the nanostructured region under varying laser fluence; and
(b) The variation of the width of the direct writing etching region under varying laser fluence.
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The femtosecond laser beam has a Gaussian distribution, resulting in high interme-
diate and low edge energy. The high intermediate energy reaches the material’s ablation
threshold, creating a direct writing etching region. The low edge energy does not reach the
ablation threshold, resulting in a nanostructured region. Additionally, different laser flu-
ences cause varying light intensity distributions, leading to different widths of the grating
nanostructure and the direct writing etching regions.

The surface morphology of the prepared grating structure could be characterized
using a scanning electron microscope (SEM, Coxem, Republic of Korea). The grating
structure period, the size of the nanostructure region, and the direct writing etching region
could be measured. Figure 6 displays the SEM images of the grating structure prepared
at the laser fluence of 1.91 J/cm?, 3.18 J/cm?, and 4.46 J/cm?. Meanwhile, the scanning
speed during the process was 1 mm/s, and the period was 20 pm. Figure 6 demonstrates
that the micro-nano periodic structure, processed by femtosecond laser direct writing
technology, is consistent with the period set by the program, and its surface arrangement
is regular and orderly. The laser etching processes micron-level deep grooves with many
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sub-wavelength nanostructures along the edges. Almost no heat-affected area exists, and
microcracks around the groove are not obvious. Significantly, the processing system is
simple and does not require harsh conditions. Experiments can be carried out at room
temperature in air. This technology can process various structure parameters and large-area
micro—nano periodic structures to meet the needs of different fields for periodic grating
structures.

o s e e e { s

Figure 6. The SEM images of the grating structure prepared under varying laser fluence.
(a,d,g) 191 J/cm?; (b,e,h) 3.18 J/cm?; (¢ f,i) 4.46 ] /cm?.

When the pulse energy approaches the material’s ablation threshold, a grating struc-
ture with a period smaller than the laser wavelength can be directly induced, known as a
laser-induced periodical surface structure (LIPSS) [56-62]. Generally, LIPSSs are believed
to be generated by the interference between the incident light and the surface plasmon
polaritons. LIPSSs usually emerge when the laser fluence is low. Furthermore, LIPSSs
gradually decrease as the laser fluence increases [63-66]. Figure 6 illustrates the magnified
SEM image of LIPSSs.

3.2. The Influence of Different Grating Structures on the Thermal Radiation Spectrum

The above experiments explored the impact of varying laser fluence on several param-
eters, including the depth of the groove, the width of the nanostructure region, and the
width of the direct writing etching region. In this section, we measured a blank tungsten
target sample and a tungsten target with grating structures that were processed using
laser fluences of 0.64 J/cm?, 1.91 J/cm?, 3.18 J/cm?, and 4.46 J/cm?. We conducted the
measurements using FTIR. The processing scanning speed was 1 mm/s, the period of the
grating structure was 10 um, and the parameters of the grating structures for each laser
fluence are depicted in Figure 7.

The spectrometer detector utilized in the experiment was DTGS, and the beam splitter
was KBr. The measured infrared spectrum ranged from 400 cm™~! to 4000 cm ™!, and the
heating temperature was 300 °C. At 300 °C, the thermal radiation energy is primarily
concentrated in the infrared region. Additionally, the scanning speed was 1 mm/s, and
the grating period was 10 um. Figure 8 illustrates the thermal radiation spectrum display
absorption bands caused by water and carbon dioxide at wavenumbers of 2350 cm ! and
1625 cm~!. As the laser fluence increases, a thermal emission enhancement peak starts
to emerge near the wavenumber of 900 cm~! when the laser fluence reaches 1.91 ]/ cm?.
The enhanced peak of thermal radiation is generated due to the emission of thermally
excited particles from the heated material’s surface, which is coupled with the surface
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grating structure. The resonance excites the surface plasmon polaritons, enhancing the
intensity of the resonance excitation on the surface (Appendix A provides the relevant
theoretical foundations). Consequently, the electromagnetic wave in the infrared band
emitted by the far field has an amplified peak that aligns with the resonance frequency of
the surface plasmon polaritons. Even though there are LIPSSs at the edge of the structure
when the laser fluence is low, the wavelength of the thermal radiation enhancement peak
is consistent with the period of the grating structure. As the laser fluence increases, the
LIPSSs gradually decrease. Therefore, we believe that the change in thermal radiation is
primarily due to the periodic grating structure.
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Figure 7. The parameters of the grating structure prepared under varying laser fluence.
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Figure 8. The influence of grating structure processed by varying laser fluence on thermal radia-
tion spectrum.

As the laser fluence increases, the radiation enhancement peak’s intensity initially
increases and then decreases. This happens because the laser fluence determines the extent
of ablation and volatilization during the laser-material interaction process. Higher laser
fluence makes the resulting surface structure more noticeable, and the thermal radiation
enhancement characteristics become more pronounced. However, when the laser fluence is
too large, dense and complex micro—nano structures will form on the material’s surface,
which absorbs the emitted thermal radiation. As a result, the intensity of the thermal
radiation decreases as the fluence increases beyond a certain point.

Furthermore, we notice that the position of the enhancement peak shifts when the
laser influence reaches 4.46 ] /cm?. Meanwhile, a new weaker enhancement peak appears.
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Following a discussion and a review of the literature, we believe this is attributable to vari-
ations in the depth of the grating structure. As shown in Section 3.1, different laser fluences
can prepare grating structures with varying depths. We think the enhancement peak of the
thermal radiation spectrum exhibits a red shift as the depth increases within a certain range.
Consequently, we could observe the peak shifting towards lower wavenumbers, while
a second-order enhancement peak appears. Our discussion is consistent with the point
presented in the previous literature [21]. While our current work does not systematically
explore this result, we consider it an interesting finding and a potential research direction
for further work.

Grating structures with periods of 5 um, 10 pm, 15 pm, and 20 um were processed
using a femtosecond laser with a laser fluence of 3.18 J/cm?. The processing scanning speed
was maintained at 1 mm/s. The thermal radiation spectrum of the grating structure for
each period was tested, and the results are presented in Figure 9. For the grating period of
5 um, a thermal radiation enhancement peak is observed near the wavenumber of 900 cm— L,
Subsequently, for the grating period of 10 pum, the intensity of the thermal radiation peak
near 900 cm ™! shows a significant increase. At a grating period of 15 pm, there is a thermal
radiation enhancement peak near the wavenumber of 650 cm~!. However, when the
grating period is 20 um, the thermal radiation enhancement peak basically disappears, and
the thermal radiation spectrum is nearly identical to the spectrum of the blank tungsten
target. Therefore, when the grating structure period is too large, it has no obvious effect on
the thermal radiation characteristics.

1.0 4

blank

= 084
B Sum
; 10pm
g 0.6 4 ———15um
:% — 20pm
§ 0.4
w
=
U
T 0.2
Ll

0.0 4

T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber(cm™)

Figure 9. The influence of different periodic grating structures on the thermal radiation spectrum.

In addition, we compared the maximum radiation intensity of a blank sample to
samples with different periods. The maximum radiation intensity of the sample with a
period of 5 pm is approximately 1.2 times that of the blank sample; for the sample with
a period of 10 um, it is about 3.7 times; for the sample with a period of 15 pum, it is about
1.5 times; and for the sample with a period of 20 pum, it is almost equal to the blank sample.

We subtracted the thermal emission spectra of the blank tungsten sample from the
spectra of different periods to perform spectral subtraction. Then, we eliminated the
absorption bands caused by carbon dioxide and water vapor in the air. Finally, the thermal
radiation spectrum of relative intensity was obtained. In Figure 10, we can see the maximum
relative intensity for different periods: at 5 pm, it is approximately 0.09; at 10 um, it is about
0.74; at 15 pm, it is around 0.26; and at 20 pm, it is roughly 0.08. The enhancement effect on
thermal radiation is more significant when the period is 10 pm or 15 um. In Figure 10, the
position of the thermal radiation enhancement peak of the grating structure with different
periods is intuitive, and the second-order enhancement peak can be observed in the grating
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structure of 10 and 15 um, which is due to the Floquet-Bloch wave vector of the grating
structure k¢ = 27tm/ A in the order m = 2.
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Figure 10. The relative intensity of the thermal radiation spectrum of grating structures with varying
periods. (a) 5 pm; (b) 10 um; (c) 15 pm; and (d) 20 pm.

Based on the optical parameters of tungsten found in the literature, we used COMSOL
Multiphysics software to calculate the reflectivity of grating structures with periods of
10 pm and 15 pm. We then converted these values to emissivity using Kirchhoff’s thermal
radiation law. Our simulation results are depicted in Figure 11. It is evident from the
results that the calculated enhancement peak of the 10 um grating structure occurs near
the wavenumber of 900 cm !, while the enhancement peak of the 15 um grating structure
is near the wavenumber of 650 cm~!. The experimental results are consistent with the
simulation results, indicating that the position of the peak for enhanced thermal emission
can be effectively altered by adjusting the period of the grating structure. This allows for
selective spectrum regulation.
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Figure 11. (a) The relative intensity thermal radiation spectrum of gratings with periods of 10 pum
and 15 um, and (b) the calculation results of COMSOL.

3.3. The Effect of Varying Heating Temperatures on the Thermal Radiation Spectrum

In this part, the grating structure was processed with a period of 10 pm and a laser
fluence of 3.18 J/cm?. At the same time, the scanning speed was 1 mm/s. The spectra
obtained at different temperatures were used to analyze how the thermal radiation spec-
trum characteristics of the tungsten target surface with a grating structure were affected
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by temperature variations. Figure 12 displays the thermal radiation spectra measured at
heating temperatures ranging from 200 °C to 350 °C with intervals of 25 °C. Figure 12
shows a significant peak in the thermal radiation spectrum at around 900 cm~!, along with
absorption bands from water and carbon dioxide at 2350 cm~ 1 and 1625 ecm™ 1, respec-
tively. First, we notice that the positions of the enhancement peaks remain constant as the
temperature changes. Additionally, the thermal radiation at all wavenumbers increases
with rising temperature. Finally, the relative weighting given to different wavenumbers
changes with varying temperatures because the peak of the Planck distribution shifts

toward lower wavelengths as temperature increases. In our work, the peaks near 1850
1

cm ™ are insignificant features at 200 °C but became more prominent at 350 °C because the
blackbody’s spectra shift in such a way that it gives those peaks much more weight than
before.
0.045 -
0.040-
. 0.035-
§ 0.030
2 00254
g 4
T 0.020-
; E
= 0.015-
R
2 00104
8 <4
£ 0.005-
0.000-
0005 ]

L ) L L L L lJ ) 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber(cm™)
Figure 12. The influence of varying heating temperatures on the thermal radiation spectrum.

4. Conclusions

In this paper, processed grating structures on a tungsten target used femtosecond
laser writing to explore their effect on thermal radiation spectral characteristics. Firstly,
the effects of varying laser fluence on the grating structure are researched. As the laser
fluence increases, the depth of the groove, the width of the nanostructured region, and
the width of the direct writing etching region all show an increasing trend. Secondly, the
influence of different laser fluences on thermal radiation is studied. When the laser fluence
is 1.91 J/cm? and the period is 10 um, the peak of thermal radiation enhancement appears
near the wavenumber of 900 cm . Its intensity increases initially and then decreases with
the increase of laser fluence. Additionally, the influence of different periods on thermal
radiation is explored. It is observed that the positions of enhanced peaks vary with different
periods. When the grating period is too large, the effect is not evident. Finally, the impact of
various heating temperatures on thermal radiation is also researched. Heating temperature
is a significant factor affecting the intensity of thermal radiation. First, the positions of the
enhancement peaks remain constant despite temperature changes. Second, the thermal
radiation at all wavenumbers increases with the increasing temperature. Third, the relative
weighting given to different wavenumbers changes with temperature increase.

The results demonstrate that controlling thermal radiation can be realized by pro-
cessing periodic structures on the material. In recent years, with the continuous progress
of science and technology, various fields have increasingly demanded specific thermal
radiation characteristics. The desired thermal radiation characteristics can be attained
by fabricating a grating structure on the material’s surface. This approach can find wide
applications in the aerospace field, including in infrared remote sensing, infrared detection,
and infrared guidance. Moreover, it can be utilized in infrared switches, medical care,
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remote controls, infrared interfaces, and anti-theft devices, benefiting different aspects of
human production and daily life.
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Appendix A

When a beam of visible or infrared light is incident on an interface, the free electron
density on the metal surface causes a collective oscillation due to the coupling effect of
the incident electromagnetic wave. Surface plasmon polaritons (SPPs), generated by this
interaction, are excited by electromagnetic waves and display electromagnetic character-
istics. Consequently, SPPs obey the basic electromagnetic field equations, i.e., Maxwell’s
equations. The dispersion properties of surface plasmon polaritons are derived from
Maxwell’s equations.

The differential form of Maxwell’s equations is

— —
VX H= E+sosa—f

g__
VX E = —poG (A1)
VH
V~E:p

Here, E represents the electric field, H represents the magnetic field, ¢ is the dielectric
constant of the medium, ¢ is the conductivity of the medium, y is the permeability of
the medium, and p is the bulk charge density of the medium. The first two terms of the
Equation (A1) are taken curl respectively, and if the infinite homogeneous medium ¢ = 0,
the equation is simplified as follows:

VZE ]10880 at2 =0
VZH ]/10880 atz =0

(A2)

When the field changes harmonically with time, the Helmholtz equation can be
obtained from Equation (A2):

2 —
{VE+kOs, =0 (A3)

V2B +k3¢,B =0

where kg = \/eopow, & = (e +1 qu,> is the complex dielectric function of the material.

- .
Suppose that the electric field propagating along the x direction is E = E(z)e~'f*, and B is
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the wave vector propagating along the x direction. Substituting it into Equation (A3), we
can obtain the following;:

9’E(z) 2. 22\ F
o +(kos—/s )E_o (A4)
- .
Suppose the electric field E = (Ex+E,+E;)e ™!, the magnetic field

- ‘

H = (Hy+ Hy + H;)e ', and substitute into Equation (A4), after simplification, two
sets of solutions of TM mode and TE mode can be obtained, which are represented by the
following equations, respectively:

- . 1 OH,
Ex = 7Zwseo azj
E: = —it_H, (A5)
9" H, 2 2 _
=+ (kje — B*)Hy =0
_ ;1 9E
H, leTZy
H, = £E, (A6)

5+ (ke — B*)E, =0

When z > 0, the electric field wave vector is k1 and the dielectric constant is €1; when
z < 0, the electric field wave vector is k, the dielectric constant is €5, and the boundary
condition is

222 (A7)

It can be seen from the above formula that the existence of surface waves requires the
real part of the dielectric function at both ends of the interface to be different. Equations

can be obtained from (A7):
k% = 132 — k%sl
(oo o

Substituting the boundary conditions into the equation set (A8), the dispersion relation
of SPPs can be obtained as follows:

€1¢&
Kopp = B =Koy | (A9)

Similarly, for the TE mode, we can obtain
Ey(k; +ko) =0 (A10)

Since both k1 and k., are positive, the equation is satisfied only when E,; = E,p = 0.
Consequently, there are no surface plasmon polaritons associated with TE polarization;
that is, SPPs can only exist in the context of TM polarization.
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Abstract: To improve the wear resistance of the Ti60 alloy, laser cladding was used to obtain a
composite coating containing a high-entropy (Tig »ZryMog»Tag 2Nbg 2)B, boride phase, with Ti, Zr,
Mo, Ta, Nb, and B powders as the raw materials. The microstructure and wear characteristics of
the coating were studied using XRD, SEM, EDS, and the pin-on-disc friction wear technique. The
results show that the coating mainly consists of six phases: (TigZry,Mog,Tag,Nbg2)By, ZrBy, TiB,
TiZr, Tiy g3 Zrg 17, and Tig g7Zrg 67Nbg 7. The average microhardness of the coating was 1062.9 HV
due to the occurrence of the high-entropy, high-hardness (Tig »Zry ,Mog »Tag 2Nbg »)B, boride phase,
which was about 2.9 times that of the Ti60 alloy substrate. The coating significantly improved the
wear resistance of the Ti60 alloy substrate, and the mass wear rate was about 1/11 that of the Ti60
alloy substrate. The main types of wear affecting the coating were abrasive, adhesive, and oxidation
wear, while the main wear affecting the Ti60 alloy matrix was abrasive wear, accompanied by a small
amount of adhesive and oxidation wear.

Keywords: laser cladding; Ti60 alloy; high-entropy boride; wear resistance

1. Introduction

Ti60 titanium alloy is a nearly a-type high-temperature titanium alloy that can be
employed for long-term service even at a temperature of 600 °C. As an important material
used in aero-engine blades and compressors, it needs to withstand complex loads and
high-friction and -wear conditions. For example, fretting wear will occur between the
root of the rotor blade and the disc mortise due to the centrifugal force caused by the
rotor blade rotating at high speeds or when the engine becomes overexcited. Due to
vibrations, thermal expansion, and other factors during high-speed rotations, the blade
tip will accidentally scrape the sealing coating on the inner wall of the casing, resulting in
adhesive and abrasive wear. When the engine is used in an environment with desert dust
or volcanic ash suspended at high altitudes, the hard particles in the air will impact the
high-speed rotating blades, resulting in erosion wear. This highlights that the Ti60 titanium
alloy also has some shortcomings, such as a low hardness (340 HV) [1] and insufficient
friction and wear resistance; however, currently, no relevant studies have attempted to
improve the wear resistance of Ti60 alloy.

However, many studies have reported the use of laser cladding technology to improve
the wear resistance of other types of titanium alloys. For instance, Di et al. [2] prepared a
high-entropy alloy coating of AlICoCrFeMoVTi on the surface of a TC4 titanium alloy via
laser cladding technology. The experimental results show that the highest microhardness
of the coating HV(» was 10,990 MPa, which was 3.29 times that of the substrate, and the
wear volume of the coating was only 12.01% that of the substrate. Qin et al. [3] used laser
cladding technology to prepare a NiCrCoAlY-Cr3C, composite coating on the surface of
a TC4 titanium alloy. The results show that the highest microhardness of the composite
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coating was 1344 HV, which was about 3.8 times that of the substrate (350 HV), and the
wear loss of the coating was 24% that of the substrate. Jiang et al. [4] prepared a WC-Co
composite coating using laser cladding to significantly improve the wear resistance of a TC4
substrate, making the maximum microhardness of the coating as high as 1536 HV 5 and the
wear rate as high as 1.5 g/h. Huang et al. [5] used laser cladding technology to prepare a
Ti5Sis / Tis Al composite coating on a TA2 titanium alloy. The average microhardness of the
coating was about 668 HV( 1, which was 3.34 times that of the matrix, and the mass wear
rate of the coating was 1/5.79 that of the matrix. Yu et al. [6] used a semiconductor laser to
laser clad a Ti-Ni-SizsN4-ZrO, mixed powder onto the surface of a TA15 alloy to prepare
a ZrO, /TisSi3 / TiN/TipN composite coating. The results show that the microhardness of
the composite coating was 835-1050 HV, which was about three times that of the substrate.
Under dry sliding friction and wear, the wear of the coating was about 1/6 that of the
substrate. Feng et al. [7] used laser cladding technology to prepare a TiB-TiC co-reinforced
TiNi-Ti;Ni intermetallic compound composite coating on the surface of a TA15 titanium
alloy, with a Ti-Ni-B4C powder mixture as the raw material. The highest microhardness
value of the coating was about 700 HV, which was about 2.07 times that of the matrix
(340 HV), and the wear quality of the coating was only 0.47% of the matrix. Chen et al. [8]
used laser cladding technology to clad TiN powder onto the surface of a TC9 titanium alloy
to prepare a TiN coating. The results showed that the wear of the TiN coating under 10 kg
and 30 kg loads was about 1/100 and 1/30 of the matrix, respectively, which indicates that
the wear resistance of the coating greatly improved. Hu et al. [9] used a YAG laser to laser
clad a Ti-based Cr,Cj3 alloy powder onto the surface of a Ti600 alloy to prepare a functional
gradient coating, with TiC as the enhanced phase, making the average friction coefficient
and wear rate of the coating only 0.3-0.5 times that of the Ti600 matrix, indicating that the
wear resistance of the coating significantly improved. Cheng et al. [10] used laser cladding
technology to prepare a NiCr/TiAl coating on the surface of a Ti600 titanium alloy. Their
experimental results showed that the average microhardness of the coating was 832 HV,
and the wear rate of the coating at room temperature was 27% that of the substrate.

In short, the current research on improving the wear resistance of titanium alloys
mainly focuses on the preparation of metal-alloy composite coatings and ceramic coatings
using laser cladding technology, while few studies have been conducted on the prepa-
ration of high-entropy boride coatings using laser cladding technology [11]. However,
high-entropy borides have attracted much attention due to their comprehensive proper-
ties, such as their high melting point, excellent mechanical properties, and high thermal
stability. For example, high-entropy diborides are considered candidate materials for com-
ponents such as the leading edge of supersonic aircraft and metal-melting crucibles [12,13].
Since 2015, high-entropy boride ceramics dominated by high-entropy diborides have been
widely studied [14-17]. According to the mixing rule, the theoretical hardness of high-
entropy ceramic materials should be the sum of that of the single-phase materials of each
component, but the actual values are often higher, particularly in high-entropy boride ce-
ramics [18]. For example, Gild et al. [14] reported that the hardnesses of the ceramic blocks
for six high—entropy bOI‘ideS—(Tio_zzro.szO.zTao_szo_z)Bz, (Tio_zZrothfohzTaOQMOQ.z)BQ,
(Tig.2Zro2Nbg 2Hfg 2M0y 2)By2, (Tip2Zro 2Nbg 2 Tag 2Cro.2)Ba, (Tig 2Zro 2Nbg 2 Tag 2Mog 2)B,, and
(Tip2Hfp 2Nbg 2 Tag 2Mog 2)Bo—were higher than those obtained using the mixing rule at
17.5 GPa, 19.1 GPa, 21.9 GPa, 19.9 GPa/23.7 GPa, and 22.5 GPa, respectively.

In view of the abovementioned excellent hardness properties of high-entropy borides,
laser cladding was used in this study to obtain a composite coating containing the high-
entropy (TipZrg,Mog»TagNbg 2)B, boride phase on a Ti60 alloy with the Ti, Zr, Mo, Ta,
Nb, and B powders as the raw materials. The microstructure and dry sliding friction and
wear behavior of the coating were studied to provide a basis for the application of Ti60
alloy in wear-resistant environments.
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2. Materials and Methods

Ti60 alloy, with a size of 100 mm x 50 mm x 5 mm, was used, and its composition is
shown in Table 1. The base material samples were ultrasonically cleaned using acetone,
ethanol, and deionized water, in that order, and then dried in an electric temperature
air-drying oven at 60 °C for 8 h. Ti, Zr, Mo, Ta, and Nb metal powders with purities of
99.9 wt.% and B metal powder with a purity of 99.99 wt.% were evenly mixed in a grinding
machine, and then the mixed powder was pre-coated onto the surface of the Ti60 alloy
with a 4 wt.% PVA solution as the binder. The powder layer thickness was preset to about
1.5 mm. The proportions of the different elements in the mixed powder are shown in Table 2.

Table 1. Chemical composition of the main components in the Ti60 alloy.

Element Al Sn Zr Mo Nb Ta Si C Ti

Wt.% 5.0-6.3 3.0-5.0 2.5-7.0 0.2-1.5 0.2-1.0 0.2-3.0 0.2-0.55 0.01-0.09 Bal.

Table 2. The proportion of different elements in the mixed powder.

Element Ti Zr Mo Ta Nb B
Wt.% 7.76 14.80 15.49 29.35 15.07 17.53

Laser cladding was carried out on a Rayco RFL-C6000 fiber laser cladding system
(Wuhan Rayco Fiber Laser Technology Co., LTD., Wuhan, China), and the cladding process
was protected using argon gas. The laser power, spot diameter, scanning speed, laser spot
overlap rate, argon purity, and argon flow rate were 2600 W, 4.5 mm, 8 mm/s, 30%, 99.99%,
and 15 L/min, respectively. The laser cladding samples were cut into 9 mm x 9 mm X 5 mm
pieces using the wire cutting method in preparation for XRD, SEM, and the wear test. The
phase composition of the coating was analyzed using an X'Pert PRO X-ray meter (XRD)
produced by PANalytical in Almelo, The Netherlands. The target material of the XRD test,
starting position 20, ending position 26, step size 26, scanning type, and divergence slit
size were Cu, 19.9999°, 89.9975°, 0.0131303°, continuous, and 0.76 mm, respectively. The
morphology and composition of the coating before and after the wear test were observed
using a JSM-7600F high resolution scanning electron microscope (SEM) produced by JEOL
Corporation, Akishima, Japan, which was equipped with an energy spectrometer.

Before the microhardness test of the coating and matrix, the sample was polished first,
and then the microhardness at the cross-section of the coating was tested using a DHV-1000
digital display Vickers microhardness tester produced by Dongguan Zhongte Precision
Instrument Technology Co., LTD, Dongguan, China. The loading load and loading time
of the microhardness test were 100 g and 15 s, respectively. The microhardness test was
carried out from the top of the coating to the substrate, and the interval of microhardness
test points was 0.15 mm. The volume ratio of the corrosion reagent used in the experiment
was HF:HNO3;:H,O = 1:1:3.

Dry friction and wear tests were carried out on Ecomet300/ Automet300 equipment
(Buehler Company, Lake Bluff, IL, USA). A specific schematic diagram of the dry friction
and wear is shown in [5]. The rotary speed, applied load, dry sliding speed, dry sliding
wear time, total wear distance, and abrasive material were 200 r/min, 45 N, 0.921 m/s,
5 min, 276.3 m, and 200# SiC sandpaper, respectively. A Swiss Mettler Toledo X5105
(Mettler Toledo Company, Zurich, Switzerland) Dual Range analytical balance with an
accuracy of 0.1 mg was used to weigh the wear samples before and after wear.

3. Results
3.1. Microstructure

The XRD pattern of the laser cladding coating is shown in Figure 1. Figure 1 shows that
the coating mainly consisted of seven phases: (Tig»Zry2Mog2Tag>2Nbg2)By, ZrB, (JCPDS
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96-151-0857), TiB (JCPDS 96-900-8947), TiZr (JCPDS 96-153-9806), Tiy g3Zr¢ 17 (JCPDS 96-154-
1223), Tio‘67ZI'0‘67Nb0.67 (JCPDS 96-153-7634), and TiOz (]CPDS 96—900—4145) The appear-
ance of the TiO, phase may have been caused by oxygen being present in the air during the
laser cladding process. The position of the diffraction peak in the (Tig 2Zry>Mog 2 Tag2Nbg2)B>
phase was the same as that reported in [19]. During the laser cladding process, the mixed
powder layer and part of the Ti60 matrix melted due to the absorption of the laser energy.
Then, in the laser melt pool, the surface tension and buoyancy generated by the uneven
temperature distribution promoted the formation of laser melt pool convection, so that
various chemical elements in the mixed powder layer and the chemical elements of the
partially melted Ti60 matrix were fully mixed. Finally, various borides and intermetallic
compounds were generated following an in situ reaction. The following reactions may
occur in the laser melt pool:

0.2Ti + 0.2Zr + 0.2Mo + 0.2Ta + 0.2Nb + 2B = (Ti(),zZro‘zMOO'zTao'szo'z)Bz (1)

Zr + 2B = ZrB, @)
Ti + Zr = TiZr 3)
1.83Ti + 0.17Zr = Til.832r0.17 (4)
Ti + 2B = TiB, (5)
TiB, + Ti = 2TiB (6)
0.67Ti + 0.67Zr + 0.67Nb = Ti0'67ZI‘0.67Nb0'67 (7)
Ti + Oy = TiO, ®)
1 TiO,
2 (Tiy ,Zry ;Mo Tay ,Nby 2)B,
3 TiZr 4 7rB,
5 Ti) 371y 5 6 TiB
7 Tig 6721 67Nbq 7

20 30 40 50 60 70 80 90
20 (degree)

Figure 1. XRD pattern of the laser cladding coating.

Based on the strongest diffraction peak intensity of each phase, the XRD-K value method
reported by Zheng et al. [20] was used in this study to calculate the semi-quantitative content
of each phase in the coating. Detailed calculation formulas and methods can be found in [11].
In this study, the strongest diffraction peaks of TiO,, (Tip2Zry2Mog2Tag2Nbg2)By, ZrBy,
Ti0.67Zr0.67Nb0.67, TIB, TIZI', and Ti1.832r0.17 were (110), (101), (101), (011), (111), (101), and
(101), respectively. The corresponding reference strength values (RIR values) were 3.5,
9.6,9.32,17.91, 1.85, 3.5, and 7.9, respectively. According to Formula (8) in [11], the mass
fraction of each phase in the coating can be calculated as 3.4%, 34.17%, 6.18%, 3.75%, 36.19%,
6.20%, and 10.11%, respectively. That is to say, TiB and (Tip 2Zr¢» Mog,Tag2Nbg)B; are
the two main generation phases.

The morphology of the whole laser cladding coating is shown in Figure 2, which
demonstrates that the laser cladding coating was of good quality, and no obvious defects
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such as pores and cracks were present in the coating. The interface between the coating and
substrate was clear and well combined. The thickness of the coating was about 1.4-1.7 mm.

100pm HUST 3/8/2023
M WD 23.0mm 14:24:43

L

Figure 2. Morphology of a cross-section of the whole laser cladding coating. Where A represents
the surface region of the coating, B represents the middle region of the coating, and C represents the
interface region between the coating and substrate.

Enlarged images of the morphology of different regions in Figure 2 are shown in
Figure 3, where Figure 3a—c show enlarged images of the morphology of surface region A,
middle region B, and interface region C, respectively. Figure 3 shows that the morphology
of the laser cladding coating mainly consists of whiskers or prisms. The reason why no
significant differences were found in the morphology of different parts of the laser melt
pool may be related to the homogenization of the convection mass transfer during the laser
cladding process.

According to the EDS results in Table 3 and the XRD results in Figure 1, different
phases in the laser cladding coating were roughly inferred to have formed via the following
processes: firstly, via liquid solidification of the high-melting-point ZrB, (melting point:
3250 °C) and (Tip2Zrp2MogTag2Nbg2)B, (melting point: 2966 °C) boride phases, and
secondly, via solidification of the low-melting-point TiB (melting point: 2227 °C), TiZr,
Tij 837117, and Tigg7Zrp67Nbg 67 phases after a decrease in the laser pool temperature
following the residual liquid phase. The specific formation mechanism was studied in
detail in the next step.

Table 3. EDS results at different positions in the laser cladding coating (at.%).

Position Ti Zr Mo Ta Nb B Main Possible Phase
SpOt 1 6.37 2.07 1.63 1.00 1.56 87.37 TiB + (Ti0.2ZI‘O.2MOO.2Ta0,2NbO'2)BZ
SpOt 2 9.01 3.23 1.04 1.13 1.63 83.96 TiB + (Ti().zZI‘O.zMOOQTao_szo_Q)BZ
SpOt 3 10.01 3.10 1.35 1.23 1.42 82.89 TiB + (Tio.zZI‘O.zMOO.zTaO.zN-bO.z)BZ
Spot 4 2.28 1.48 1.22 1.50 1.13 92.39 TiB + (Tig.»Zrg»Mog.»Tag2Nbg 2)B,
Spot 5 3.89 1.24 1.22 1.57 1.10 90.98 TiB + (Tig 2Zrg sMo0g 2 Tag 2Nbg 2)By
SpOt 6 6.35 1.73 1.62 1.27 1.37 87.66 TiB + (Tio.zzro.zMOO.gTa0.2m0.2)32
SpOt 7 5.56 1.66 1.29 1.52 1.15 88.82 TiB + (TiO.ZZI‘O.2MOO_2TaO'2NbO'2)B2
Spot 8 4.87 1.47 1.27 1.59 1.24 89.56 TiB + (Tig 2Zrg sMo0g 2 Tag 2Nbg 2)B
SpOt 9 13.46 1.23 1.33 1.70 1.68 80.60 TiB + (Tio.zzronOO.gTa0.2m0.2)32
SpOt 10 4.79 0.97 1.09 1.07 1.03 91.05 TiB + (Ti().zZI‘OQMOOQTao_szo_z)Bz
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a2 X
10pm  HUST
SEM WD 8.lmm 14:27:29

(b)

Figure 3. Enlarged images of the morphologies at different positions in Figure 2 for a cross-section of
the laser cladding coating: (a) surface region A, (b) middle region B, and (c) interface region C.

The formation of the whisker or prismatic structure TiB in a laser cladding coating
followed the following process: the B27 structure of TiB increased the growth rate in
the [010] direction to be significantly faster than that in other directions, so whiskers or
prismatic structures easily form [21], which can play roles in strengthening the substrate
in the coating [22]. The structural morphology of TiB in Figure 3 is consistent with that
reported in the literature [23,24]. In addition, because plane (001) of TiB grows the fastest
and the remaining crystal faces, (100), (101), and (101), make up the sides of TiB, the sectional
whiskers or prismatic structures are mostly hexagonal [22]. When the temperature drops
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to room temperature, the coating will eventually form a TiB mixed structure with whiskers
or prismatic structures as the main body.

3.2. Wear Resistance Properties

The microhardness change curve for a cross-section of the laser cladding coating is
shown in Figure 4, which shows that the microhardness of the laser cladding coating has
a gradient trend, and the microhardness can be divided into a typical three-interval step
distribution. The uneven distribution of the microhardness value of the coating was caused
by the uneven distribution of the phases in the coating. The microhardness value of the
coating surface was the highest (1287.8 HV 1), with the microhardness value fluctuating
slightly between 1287.8 and 1129.6 HV( ;. At 0.64 mm, a large decrease occurs, forming
the second step, with a microhardness value between 905.3 and 824.2 HV(;. Then, at
1.24 mm, a sharp drop characterizes the third step, with a microhardness value ranging
from 420.5 to 356.6 HV(y 1. We believe that the reasons for the variation in the hardness
gradient of the coating are mainly correlated with the distribution and volume fraction of
the phases with different proportions and hardnesses in the coating. This problem needs to
be further studied in the future. Understanding the phase composition and volume fraction
of different parts of the coating requires study of the temperature, flow, and mass fields of
the coating via numerical simulations, and phase diagrams and rapid solidification theory
should be used in combination with these results for further clarity. At present, we can
only make a rough interpretation: the surface of the coating has a higher hardness, which
decreases in the middle part and even further decreases near the interface. This is because
only this distribution of high hardness phases may cause a gradient change in the studied
coating. The minimum microhardness of the Ti60 matrix in this study was higher than
that of the Ti60 matrix (340 HV) reported in [1]. That is, the microhardness of the coating
fluctuated between 824.2 and 1287.8 HV, 1, and the average microhardness of the coating
was about 1062.9 HV( 1, while the average microhardness of the Ti60 matrix was about
366.7 HV( 1. Thus, the average microhardness of the coating was about 2.9 times that of the
Ti60 matrix. Three possible reasons can be proposed for the increase in microhardness of the
laser cladding coating: First, the high-entropy boride phase and intermetallic compound
phase in the coating are high-hardness phases (the hardness of (Tip 2Zrp2Mog2Tag2Nbg2)Ba
is 23.7 GPa [14], the hardness of TiB is 35 GPa [25], and the hardness of ZrB, is 15.3 GPa [26]),
and they are distributed in the coating to strengthen dispersion. Second, the coating
contains a TiB phase with a nano-indentation hardness up to 35 GPa [25], and its whisker-
like or prismatic structures play roles in strengthening the coating phase. Third, the laser
cladding process is characterized by rapid heating and cooling, and the microstructure of
the coating after laser cladding is fine, which thus results in fine crystal strengthening. In
short, the increase in microhardness of the laser cladding coating will help to improve the
wear resistance of the coating.
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Figure 4. Microhardness curve for a cross-section of the laser coating.
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A columnar comparison of the mass wear rates of the coating and Ti60 substrate under
dry friction and wear conditions at room temperature is shown in Figure 5. Figure 5 shows
that under the same wear conditions, the mass wear rate of the coating was 5.14 mg/min,
while that of the Ti60 substrate was 56.32 mg/min; that is, the wear resistance of the coating
is significantly higher than that of the Ti60 alloy substrate, and the former was about 1/11
of the latter, which could be related to the high microhardness of the coating. In general, the
greater the hardness of a material, the better its wear resistance [27]. Figure 4 shows that
the average microhardness of the coating was 1062.9 HV, 1, which was about 2.9 times that
of the Ti60 substrate, so the wear resistance of the coating significantly improved compared
with that of the Ti60 substrate.

604
Applied load: 45N
504 Sliding distance: 276.3m
Sliding speed: 0.921m/s
404

%)
(=]
1

Mass wear rate (mg/min)
[3%)
(=3

—_
(=}
1

T
Ti60 Coating
Different specimens

S

Figure 5. Columnar comparison of mass wear rates between the coating and Ti60 matrix.

Figure 6 shows the surface wear morphology of the Ti60 matrix after dry friction and
wear. Figure 6 shows that the worn surface of the Ti60 substrate was severely scratched
and presented many parallel furrows, which was a typical abrasive wear characteristic.
The friction pair was pressed into the friction surface under normal load, and the sliding
friction force caused the friction surface to shear, plow, and cut through the furrow action of
the grinding pair, resulting in grooving wear marks. The number of furrows on the surface
of the Ti60 matrix was large, the depth and width were large, metal debris accumulated at
the edges of the wear marks, and serious plastic deformation occurred on the surface of
the wear marks. This was due to the low hardness of the Ti60 matrix, at about 366.7 HV 1
(Figure 4), while the hardness value of the SiC particles in the grinding pair was as high
as 3200 HV [28]. Therefore, during dry friction and wear, hard SiC particles have a strong
ploughing effect on the surface of the Ti60 matrix, resulting in a large amount of wear. At
the same time, under the repeated action of friction pairs, the materials cut off from the
surface of the Ti60 matrix were compressed and adhered to the surface, leading to adhesive
wear (Figure 6b,c). In addition, the EDS results in Table 4 show that the Ti60 matrix was
oxidized due to heat generation during dry friction and wear. Therefore, the type of wear
affecting the Ti60 matrix was a combination of abrasive, adhesive, and oxidation wear, but
the proportion of abrasive wear was the largest.
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Figure 6. SEM image of the Ti60 matrix after wear: (a) whole worn surface, (b) enlarged SEM image

at zone A in (a), and (c) enlarged SEM image at zone B in (a).
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Table 4. EDS results of the Ti60 matrix’s worn surface at different positions (at.%).

Element Spotl Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7 Spot 8 Spot9  Spot10 Spot1l

Ti 68.99 69.83 68.78 58.93 70.01 58.00 65.09 65.07 54.94 65.71 61.82
Al 8.73 7.84 8.67 8.11 8.27 6.70 9.55 7.86 7.57 8.41 8.43
Zr 7.40 6.32 6.61 6.24 6.46 5.56 6.57 7.08 6.03 6.56 6.15
Mo 0.39 0.39 0.13 0.73 0.60 0.18 0.47 0.58 0.35 0.37 0.34
Ta 0.06 0.11 0.15 - - - 0.16 - - - -
Nb 0.25 - - - 0.33 0.04 0.07 0.38 - - 0.23
Si 0.53 0.80 0.74 0.90 0.64 0.40 0.69 0.54 0.52 0.91 0.74
Sn 1.38 1.16 1.35 1.22 1.33 1.18 1.20 1.24 0.94 1.28 1.18
@) 12.27 13.55 13.57 23.87 12.36 27.94 16.20 17.25 29.65 16.76 21.11

The morphology of the worn surface of the coating after dry friction and wear is
shown in Figure 7, which shows that the worn surface of the coating was relatively smooth,
with shallow furrows and partial adhesion to the crushed area on the surface. This shows
that the types of wear affecting the coating were abrasive and adhesive wear. At the
same time, the material debris at the edge of the furrow accumulated in the furrow after
repeated rolling, which hindered smooth formation of the furrow and improved the wear
resistance of the coating. The size of the furrow on the coating surface was closely related
to the microhardness of the coating. The abrasive dust accumulated on and adhered to the
surface of the coating during repeated grinding of the friction pair, and the harder abrasive
dust hindered complete formation of the furrow. The different sizes of the particles in the
coating were related to the volume fraction of the different kinds of boride ceramic phases
and intermetallic compound phases. In addition, the EDS results in Table 5 show that
during dry friction and wear, the coating was oxidized due to the generation of friction heat.
Therefore, the type of wear affecting the coating was actually a combination of abrasive,
adhesive, and oxidation wear.

—-— 10pm  HUST 5/29/2023
15.0kV SEI SEM WD 7.8mm 11:48:22

Figure 7. Cont.
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Figure 7. SEM image of coating after wear: (a) whole worn surface, (b) enlarged SEM image at zone

A'in (a), (c) enlarged SEM image at zone B in (a), and (d) enlarged SEM image at zone C in (a).
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Table 5. EDS results of the coating’s worn surface at different positions (at.%).

Element Spotl Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7 Spot 8 Spot9  Spot10 Spot1l

Ti 11.97 12.41 21.75 10.92 7.73 8.7 8.07 8.89 13.46 10.26 15.86
Zr 3.18 2.36 4.52 2.15 2.14 2.82 2.33 2.2 2.86 247 2.52
Mo 1.24 0.89 1.83 0.72 1.13 0.87 1.11 0.98 1.77 1.93 1.78
Ta 0.79 2.03 1.87 1.58 0.64 0.99 0.66 1.23 0.38 0.27 1.23
Nb 0.57 1.08 1.59 0.96 0.66 0.66 0.4 0.68 0.85 0.72 0.87
B 68.29 71.82 53.58 75.16 74.6 69.7 75.89 76.59 69.34 71.73 67.99
@) 13.96 9.41 14.86 8.51 13.1 16.26 11.54 9.43 11.34 12.62 9.75

In summary, the type of wear affecting the Ti60 matrix was mainly abrasive wear,
accompanied by a small amount of adhesive and oxidative wear, while a combination of
abrasive, adhesive, and oxidative wear affected the coating.

4. Discussion
4.1. Microstructure Formation Mechanism of the Coating

During the laser cladding process, a large temperature gradient forms inside and on
the surface of the general laser melt pool. The surface tension and buoyancy generated by
the uneven temperature distribution promote the formation of convection in the laser melt
pool, so that various chemical elements in the mixed powder layer become fully mixed
with those in the partially melted Ti60 matrix. The composition distribution of the cladding
layer was macroscopically uniform, and an in situ reaction occurred to form high-entropy
borides, diborides, TiB, and the intermetallic compound phases. In accordance with the in
situ reaction formation mechanism of the laser cladding coating reported in [29], Figure 8
shows the formation process of different phases in the laser cladding pool of the coating.
The formation process of each phase in the coating can be seen in Table 6 and Figure 8:
under the action of a laser heat source, the Ti, Zr, Mo, Ta, Nb, and B powders of the preset
powder layer melt to form a laser cladding pool, and TiB; and ZrB, single-component
diborides were preferentially formed, which can be seen in Figures 1 and 9. At the same
time, the transition metals Ti, Zr, Mo, Ta, and Nb react in situ with B elements to form
the high-entropy (Tip»Zrp>MogrTag2Nbg2)B, boride phase. The TiB, TiZr, Tij gaZrg 17,
and Tig 7210 67Nbyg ¢7 intermetallic compound phases were then subsequently formed. In
addition, it should be pointed out that Reactions (9)—(12) in Figure 9 are as follows:

Mo + 2B = MoB, )

Ta + 2B = TaB, (10)

Nb + 2B = NbB, (17)

OZTIBQ + OZMOBZ + Ozerz + 02Ta82 + OZNsz = (Tiobzzro'2M00‘2Ta0'2Nb0'2)Bz (12)

Table 6. Melting points and boiling points of different elements (K).
Element Ti Zr Hf Ta Nb Cr Mo B

Melting point 1941 2125 2506 3287 2750 2180 2896 2348
Boiling point 3560 4682 4876 5726 5017 2952 4912 4273
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Figure 8. Schematic diagram of the different phase formation processes in the laser cladding pool of
the coating.
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Figure 9. Gibbs free energy, AG, curves of different reactions with temperature T.

4.2. Wear Mechanism of the Coating and Ti60 Matrix

In the material friction and wear test, the amount of wear in the material is usually
used to evaluate the wear resistance of the material. That is to say, the smaller the amount
of wear loss per unit time or per unit friction distance, the better the wear resistance of the
material. The wear mechanism of the material, under dry friction and wear conditions,
generally involves three kinds of wear: adhesive wear, abrasive wear, and oxidation wear.

(1) Adhesive wear

According to the adhesive wear theoretical model proposed by world-renowned
tribology expert Professor Archard in 1953 [30], hemispherical micro-convex bodies with
multiple smooth surfaces are assumed to exist between the friction pair materials. When
the micro-convex bodies come into contact, due to the action of local concentrated stress,
plastic deformation occurs at the area of contact, which is relative to the amount of motion.
The formula for calculating adhesive wear V is derived as follows:

V=Ki(NL/H) (13)

where Ky, V, N, L, and H are the wear coefficient, adhesive wear amount, normal load,
relative sliding distance, and material hardness, respectively.
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From Formula (13), adhesive wear V can be seen to be proportional to friction sliding
distance L and normal load N and is inversely proportional to the surface hardness H of
the softer material. Therefore, under the same wear conditions, the amount of wear in the
high-hardness materials is low and the wear resistance is good.

In the friction pairs presented in this study, the hardness of the abrasive SiC sandpaper
(3200 HV [28]) is significantly higher than that of the coating and Ti60 matrix (Figure 4),
indicating that both the coating and Ti60 matrix are suitable for the Archard model and
consistent with the SEM morphology of the wear surface (Figures 6 and 7). Therefore,
adhesive wear affects the coating and Ti60 matrix.

(2)  Abrasive wear

In the model proposed by Rabinowicz [31] for wear with abrasive particles, assuming
that a conical rigid micro-convex body with radius r slides on the surface of the grinding
material to form a furrow with depth x, the amount of wear V of the material per unit
distance can be expressed as follows:

V = K,(N/H) (14)

where Ky, N, and H are the wear coefficient, normal load, and hardness of the pressed
material, respectively. From Formula (14), we can conclude that the higher the hardness of
the material, the lower the wear amount.

In the friction pair composed of abrasive SiC sandpaper, the coating and Ti60 matrix
in this study also conform to the Rabinowicz model and the SEM morphology of the wear
surface (Figures 6 and 7); that is, the wear surface of the coating and Ti60 matrix have typical
furrow characteristics. Therefore, abrasive wear also affects the coating and Ti60 matrix.

(3)  Oxidative wear

Under dry friction and wear conditions, the surface temperature increases due to
heating, which leads to oxidation of the surface material. Since both the coating and Ti60
matrix experience dry friction wear, the generation of friction heat will become increasingly
serious with an increase in wear over time, resulting in oxidation on the surface of the
coating and Ti60 matrix, evidenced by the detection of O at each position in Tables 4 and 5.

In summary, the types of wear affecting the laser cladding coating and Ti60 substrate
in this study were abrasive, adhesive, and oxidation wear in the friction pair composed of
abrasive SiC sandpaper. However, the proportions of these three types of wear are different
with different hardnesses of the coating or Ti60 matrix.

5. Conclusions

(1) Laser cladding was successfully used to obtain a composite containing the high-
entropy (Tip2Zrg2Mog2Tag » Nbg 2)B, boride phase at 34.17 wt.% to coat the Ti60 alloy.
Ti, Zr, Mo, Ta, Nb, and B powders were used as the raw materials, and the bond
between the coating and the substrate was strong.

(2) The wear resistance of the laser cladding composite coating was greatly improved
due to the occurrence of the high-hardness (Tip 2Zry,Mog,Tag2Nbg2)B, phase, and
the mass wear rate of the coating was about 1/11 that of the Ti60 substrate.

(3) The main types of wear in the laser cladding composite coating were abrasive, ad-
hesive, and oxidative wear, while that of the Ti60 matrix was mainly abrasive wear,
accompanied by a small amount of adhesive and oxidative wear.
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Abstract: Advanced non-destructive techniques play an important role in detecting sur-
face defects in the context of additive manufacturing, with non-destructive technologies
providing surface data for the recognition of surface defects. In this line, it is necessary to
implement microscope vision technology for the inspection of surface defects. This study
proposes an approach for microsurface defect recognition using affine moment invariants
based on microlaser line contouring, allowing for the detection of microscopic holes and
scratches. For this purpose, the surface is represented by a Bezier surface to characterize
microsurface defects through patterns of affine moment invariants after the surface is
contoured via microlaser line projection. In this way, microholes and scratches can be
recognized by computing a pattern of affine moment invariants for each region of the target
surface. This technique is performed using a microscope vision system, which retrieves
the surface topography via microlaser line scanning. The proposed technique allows for
the recognition of holes and scratches with a surface depth greater than 20 microns, with a
minor relative error of less than 2%. The proposed surface defect recognition approach en-
hances the literature on recognition techniques performed using visual technologies based
on optical microscope systems. This contribution is corroborated through a discussion
focused on the recognition of holes and scratches by means of various optical-microscope-
based systems.

Keywords: surface defect recognition; affine moment invariants; microsurface contouring;
microlaser line projection

1. Introduction

At present, non-destructive testing methods allow for the utilization of technologies
to inspect surface defects in the context of additive manufacturing [1], where surface
pattern recognition serves as a powerful tool to detect surface defects [2]. In this way, non-
destructive testing methods have been implemented for the monitoring of microsurface
holes and scratches [3]. Non-destructive testing methods include techniques such as
visual testing, ultrasonic testing, acoustic emission, radiographic testing, magnetic particle
inspection, and penetration testing [4]. Ultrasonic testing is performed based on the
behavior of sound waves, where a pulse travels through uniform regions but changes in
the presence of a discontinuity [5]. Similarly, acoustic emission testing is carried out by
assessing wave disturbances generated by discontinuities on a surface [6]. Radiographic
testing is based on the variation in radiation associated with the thickness of the material [7].
Magnetic particle testing is performed based on the continuous lines of force, which are
distorted by discontinuities in ferromagnetic materials [8]. Penetration testing is carried
out by applying a penetrant liquid to the surface in order to fill any discontinuity, which is
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then observed by means of fluorescent dyes [9]. Of the non-destructive testing methods,
the simplest and cheapest method is non-destructive visual testing, where surface defect
inspection is typically performed in the range between 30 microns and 400 microns [10].
Therefore, non-destructive visual testing is the most useful method for the inspection
of holes and scratches in additively manufactured materials [11]. The hardware used
for visual testing typically includes only a camera and computational algorithms for the
inspection of holes and scratches. Thus, non-destructive visual testing has been employed
as the standard method to detect surface defects with a minimum depth of 30 microns [12].
In this way, the present study on surface defect detection was carried out based on visual
testing methods. Surface defect recognition is generally applied to inspect surface holes
and scratches with a minimum depth of 20 microns, and microsurface defect detection is
typically carried out via visual testing by means of computer vision systems based on image
processing [13], where surface defect detection is performed by means of methods such as
statistics-, frequency-, and model-based approaches, including machine learning and deep
learning models. Statistical methods allow for the detection of surface defects according to
the pixel intensity distribution; for instance, a surface defect detection approach has been
implemented using statistics [14], where the surface features are determined via a local
binary pattern. Furthermore, surface defect recognition has been performed using a Gauss
function modulated in the spatial domain [15], where the defect features are characterized
using a core based on a complete dictionary. Additionally, surface defect detection has been
carried out based on texture analysis [16], where the texture features were obtained by an
iterative framework based on the absolute intensity deviation and local aggregation.

In a similar way, frequency-based methods are used to detect surface defects using
pixel intensity distributions; for instance, surface defect detection has been performed
using the Fourier transform [17], where the Fourier spectrum of the image under testing
is compared with the spectrum of the real sample. Surface defect detection has also been
carried out by means of the Fourier transform and the Hough transform [18], where the
presence of surface defects is determined by comparing the difference between the tested
image and the original sample. Additionally, surface defect defection has been imple-
mented according to the Fourier transform amplitude [19], where the amplitude variation
in the Fourier spectrum is used to determine surface defects based on a homogeneous
image region.

Furthermore, model-based methods allow for surface defect inspection according to
the image intensity distribution; for instance, surface defect detection has been performed
by means of a hidden Markov model [20], where the recognition is computed through the
hidden Markov model using a library of defects. Additionally, surface defect detection has
been performed using a regularized robust principal component model [21], where a matrix
separates the data into a low-rank component and a sparse component to characterize
the surface pattern. Additionally, surface defect inspection has been carried out through
a model-based approach using the intensity distribution [22], where a saliency map is
determined by a continuous curve that represents the surface edge.

Moreover, machine learning methods can be used to detect surface defects using the
pixel intensity distribution; for instance, surface defect detection has been performed via
machine learning [23], where a gray-level image model was generated by training a neural
network to determine surface defects. Additionally, surface defect inspection has been im-
plemented via machine learning based on nearby points [24], where surface defect detection
is carried out through a random forest method using a point cloud. Furthermore, surface
defect detection has been carried out using neural networks [25], where potential defect
images are compared with original images through the use of a database of defect images.
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More recently, surface defect recognition has been implemented via deep learning [26];
for example, deep features can be determined using residual or convolutional neural
networks. For instance, surface defect detection has been performed using a convolutional
neural network [27], where a convolutional matrix was used to extract the features from
an image without defects. In a similar way, surface defect detection has been carried out
using convolutional neural networks [28], where a data set of defects was employed to
determine surface features by means of a deep convolutional neural network.

The above computer vision techniques allow for the recognition of surface defects
through computing the surface features from the pixel intensity distribution. However,
the intensity distribution profile does not necessarily depict the topography accurately.
This is because the intensity profile varies based on the surface reflectance, light source
position, and viewer’s position. Therefore, it has been established that traditional computer
vision techniques do not employ the three-dimensional coordinates to perform surface
defect detection, leading to some inaccuracies in microsurface defect recognition. Moreover,
deep learning approaches employ large models with a great quantity of parameters and
thus potentially low accuracy and slow speed [29]. This is because several hundred
images are generally necessary to train neural network models, which leads to the need to
perform complex optimization processes to accurately determine the surface defect features.
From these statements, it can be deduced that the microsurface recognition of holes and
scratches still represents a complicated task. Therefore, it is necessary to implement defect
recognition through the use of three-dimensional coordinates to enhance the recognition of
microsurface defects.

The proposed microsurface defect recognition approach is performed using
three-dimensional coordinates, which are retrieved via microlaser line projection. Fur-
thermore, the microsurface defect recognition approach is implemented via affine moment
invariants [30]. Thus, the affine moment invariants can characterize patterns of holes and
scratches through the three-dimensional coordinates, which are contoured via microlaser
line scanning. To accomplish this, the affine moment invariants are computed from the
surface, which is represented as a Bezier surface. In this way, the Bezier surface is de-
termined using surface coordinates by means of a genetic algorithm. Thus, a pattern of
affine moment invariants is computed from the Bezier surface to obtain the pattern of
holes and scratches. In this way, a surface defect can be recognized when the pattern of
affine moment invariants corresponds to holes or scratches. This procedure is performed to
recognize holes and scratches on flat, cylindrical, and free-form surfaces. The microsurface
defect recognition approach is carried out using an optical microscope vision system, which
includes a CCD camera and a 39 um laser line. The microlaser line scans the surface and the
camera captures the laser line images, thus providing the surface contour. The microsurface
coordinates are then computed according to the laser line position and the microscope’s
geometry. In this way, the surface defects can be computationally determined from the
surface topography coordinates, which are not computed in traditional surface defect
detection methods. The proposed surface defect recognition approach can recognize holes
and scratches with a minimum depth surface of 30 microns, which is the most common
surface defect depth inspected in the context of additive manufacturing. The microscope
vision system can inspect a surface area of 3 X 60 cm in one scan as the slider can move the
microscope vision system a distance of 60 cm in the x-axis, while the microscope observes
a distance of 3 cm in the y-axis. The proposed defect recognition technique improves the
accuracy of recognizing surface holes and scratches to the microscale. The proposed tech-
nique reduces the error of the optical microscope systems to a level smaller than 2%. This
enhancement is achieved through the use of a surface contour recovered via the microlaser
line projection. Furthermore, the surface defect characterization approach improves the
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recognition accuracy; this is because the affine moment invariants are computed based on
the three-dimensional surface data. In particular, the accuracy is computed according to
the relative error provided by the affine moment pattern. The contribution of the proposed
microsurface defect recognition approach is established through a discussion based on the
accuracy of the techniques performed using optical microscope systems. The remainder of
this paper is organized as follows: the surface characterization via affine moment invariants
is described in Section 2.1, the Bezier surface representation is described in Section 2.2,
the contouring of the surface topography via microlaser line projection is described in
Section 2.3, the microsurface defect recognition results are presented in Section 3, and the
key contributions associated with the proposed microsurface defect recognition approach
are discussed in Section 4.

2. Materials and Methods
2.1. Microsurface Defect Characterization via Affine Moment Invariants

Microsurface defect recognition is carried out by computing a pattern of affine mo-
ment invariants from the surface topography. In this way, the affine moment invariants
are computed to characterize the determined surface features. Thus, the pattern of affine
moment invariants is computed from the holes and scratches to recognize surface de-
fects on a surface region. The affine moment invariants are described by means of the
following expressions:

Iy = (Ma0p02 = #i1)/ Hoo- 1)
I = (—H3 055 + 6H30M21 12003 — 4130k — 415 1103 + 33110 0) /1o (2)
I3 = (po,0M2,1 10,3 — H2,0HTa — H1,1H3,0M03 + H11H21H1,2 + Ho2H30M1,2 — Ho2H31)/ oo (3)
Iy = (=3 U5 3 + 613 0H1,111,200,3 — B35 0Mo2H7 o — 6M2,045 1H2,1 103 — OH2,0HT 117 2
+ 12p2,0p1,1H0.2H2,1 11,2 — 2,013 213 1 + 215 1 H3,0H0,3 + 613 1 12,1 1,2 (@)
— 611 1Ho2H3,011,2 — 61 1 Ho2i3 1 + 6111 G pH30K2,1 — 1 2H50)/ Mo
Is = (paopos — 4ua1p13 + 3u3,) / Ho- ©)
Is = (Maph2204 — Haokl s — H31Moa + 2131 H2201,3 — H3 )/ Hoo- (6)
I; = (30424 — Apio,0p1,1 11,3 + 2H20p0, 2122 + 415 1122 — 41102151 + G aHa0)/ Hho- (7)
Is = (ﬂ%,oﬂz,zﬂo,zl - ﬂ%loﬂ%,g, — 2U20M1,1 13,1 Ho,4 T 2H2,011,1 H2,2H1,3 T+ H2,01H0,2H4,0H04
— 242,0H0213,111,3 + Ho,0H02H3 2 + 41T 1131113 — 4HT 15 0 — 2H11H02M40013 - (8)
+ 2411 Ho2M3,1 o2 + ﬂ%lzm,ol/lz,z - P‘%,zﬂ%,l)/ TR
Iy = (y%,optfzﬂo,z; - 2]1%,0]41,2#0,3#1,3 + V§,0V%,3V2,2 - 2#39#%,1141,2140,4 + 2143,0#%,1 Ho3H13
+ 203,012,117 p141,3 — 213,0H2,1140,3H3,1 — 2H3, 015 22,2 + 2H3 017 2 Ho 3131 + 13 1 Hoa
— 2031 p11,2041,3 — 2H3 1 Ho a2 + 35 1 1T o2+ 205 1 a0 3H3,1 15 1 103140
— 22,1143 yH31 — 2H2,1 M oMo 3 M40 — T aHa0)/ Moo
Lo = (—p3 013 oMo + 10150041 H1,400,5 — 4H5,013,212,3H05 — 16150032147 4
+ 1205043 31,4 — 1643 1123405 — 4G 111 4 + 1204113 5105 (10)
+ 7641 13,2H3,301,4 — 48Ja,1 15 5 — 48115 pHn 4 + 3203 113 5) / 1oy

where the central moments i, ; are computed using the coordinates (x., y.) by means of
the expression
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- m—1n—1 ) g - MlO B MOl 1
Hpq = g ];) (xij = xc)" (Wij — ye) f(xij,yij), xc = Moo’ Y™ Moy (11)

In this equation, f(x;, y;;) represents the surface depth in the position (x;;, y; ), and
the statistical moments M, ; are determined according to the expression

M—-1N-1 b q
Mg =Y Y x v f(xijyi)- (12)
i=0 j=0

where the sub-indices (i, j) represent the numbers of surface points in the x- and y-directions,
respectively. Thus, the affine moment invariants represented by Equations (1)—(10) are
invariant to scale, translation, and orientation [31]. These affine moment invariants generate
a pattern (I, Ip, I3, 14, Is, Ig, 17, Is, Iy, 11p), which represents the surface features of a region.
In this way, a microsurface defect is characterized through a pattern of affine moment
invariants to perform surface defect recognition on a target surface. For this purpose,
microsurface defect characterization is performed through the computation of a pattern of
affine moment invariants from data provided by a sixth-order Bezier surface. Thus, the
affine moment invariants in Equations (1)—(10) are computed by means of the microsurface
zj, as shown in Figure 1. To compute the affine moment invariants, the surface depth
f(xij, yij) = z; j is replaced in Equations (11) and (12) to calculate pip, 4 and M, 4, respectively.
Then, Equations (1)—(10) are computed to determine the pattern of affine moment invariants
for a tested region. For instance, the affine moment invariant Equations (1)-(10) were
computed to characterize the pattern of the surface hole shown in Figure 2a; in this case,
the affine moment invariants are I; =1.2482 x 107°,1, =0,13=0,1; =0, I5 = 7.8118 x 10719,
Ig = 4.4077 x 10715, I; = 3.4851 x 1077, Ig = 1.2060 x 10714, Iy = 0, and I = 0. This pattern
describes a decreasing function from I; to I4, and then the function increases until Iy and
decreases from Ig to I1y. These affine moment invariants represent a surface hole, whose
pattern is defined as a surface defect. Additionally, the holes provide a surface depth that
is greater at the borders of x- and y-axes than in the center.

Z-aX18

Y-axis

X-axis .

Figure 1. Surface points to compute affine moment invariants.
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Surface length (x-axs) o
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Figure 2. (a) Surface hole to compute the pattern of affine moment invariants. (b) Surface scratch to
compute the pattern of affine moment invariants.

In the same way, the affine moment invariants were computed for the surface scratches
shown in Figure 2b to establish the surface pattern. To accomplish this, Equations (1)—(10)
are computed and the results are I} = 1.4751 X 1072,1,=0,I3=0,I4 =0, I5 = 1.1972 x 107,
I =8.0305 x 1071°, I = 6.8277 x 107, I = 2.1468 x 10~ !4, Iy = 0, and I = 0. This pattern
describes a decreasing function from I; to 4, after which the function increases until Iy
and then decreases from Ig to I19. Here, the peaks I; and I are larger than I; and I of the
surface hole. Additionally, the scratches do not provide a surface depth that is greater at
the borders of x-axis than in the center. Thus, the scratches are characterized to represent a
surface defect.

Furthermore, the affine moment invariant patterns were computed for holes and
scratches of minor surface depth in order to deduce the minimum criteria for holes and
scratches. In this way, the pattern was computed from a hole with a surface depth of
10 microns, as shown in Figure 3a.

In this case, the results of the affine moment invariants are I; = 5.8014 X 1075,
I, =—-3.0539 x 10771, I3 = 2.9462 x 10738, I, = —5.4140 x 10~*2, I5 = 3.0515 x 1078,
Ig=7.0167 x 10713, I, = 1.4557 x 1077, Ig = 2.9442 x 10712, [y = 7.4184 x 1079, and
Lo = —2.5673 x 1077, This pattern is similar to that for the 30-micron hole shown in
Figure 2a. Notably, both holes provide a surface depth that is greater at the borders of x-
and y-axes than in the center. In the same way, the pattern of affine moment invariants was
computed for an irregular hole with surface depth of 12 microns, as shown in Figure 3b. In
this case, the result was I; = 8.9835 x 107°, I, = —3.8241 x 10728, I3 = 1.2369 x 10715,
Iy = —3.9449 x 10720, I5 = 9.3422 x 10711, I, = 1.2848 x 10716, I, =4.1607 x 1077,
Ig = 4.6672 x 10716, Iy = 2.5581 x 1072, and I;g = —6.4044 x 10~%°. This pattern is similar
to that for the 12-micron hole shown in Figure 3a. Notably, the holes provide a surface
depth that is greater at the borders of x- and y-axes than in the center. Furthermore, the
pattern of affine moment invariants was computed for an irregular scratch with surface
depth of 10 microns, as shown in Figure 3c.

In this case, the result was I; =4.3172 x 1075, I, = —2.5260 x 10~2*,[3 = —7.2989 x 10~15,
Iy = —4.2398 x 10718, Is = 1.0328 x 1078, Iy = 1.2525 x 10713, I, = 5.8863 x 1078,
I3 =5.4378 x 10713, Iy = 3.2650 x 1072, and I;g = —1.2082 x 10~?°. This pattern is simi-
lar to that for the 30-micron scratch shown in Figure 2b. Notably, the scratches do not provide
a surface depth that is greater at the borders of the x-axis than in the center. Thus, the scratches
are characterized as representing a surface defect. Based on these patterns, it is established
that the pattern of affine moment invariants provides similarity for holes and scratches of
surface depth over 10 microns. Furthermore, the irregularities of the holes and scratches
reduce the peak I; in the pattern of affine moment invariants. In this way; it is established that
the holes and scratches can be defined for a peak I; greater than 4.70 x 10~°. Additionally,
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a flat surface was characterized by computing the pattern of affine moment invariants to
perform surface monitoring. In this case, the peak I; of the flat surface was smaller than those
for the holes and scratches but was larger than I; for a cylindrical surface. Furthermore, the
peak I; was smaller than those for the holes and scratches but, again, was larger than I for
the cylindrical surface. Thus, the pattern of affine moment invariants can determine whether
the target surface presents holes or scratches. In the same way, the pattern of affine moment
invariants can help to deduce whether the target surface corresponds to a flat or cylindrical
surface. Notably, the peaks I; and I7 for a cylindrical surface are smaller than those for a flat
surface. Therefore, surface defect recognition is performed when a discontinuity appears
in the surface profile provided by the microlaser line projection. This criterion is described
based on surface profile discontinuity, as shown in Figure 3d. Here, the surface profile width
is represented in the y-axis and the surface profile depth is indicated in the z-axis, and a
surface defect can be detected when a surface discontinuity appears in the surface profile.
In particular, the surface discontinuity is defined when the derivative df (y,x)/dy changes in
the y-axis. This criterion can be observed with respect to points A, B, and C of the surface
profile shown in Figure 3d. Furthermore, the presence of a hole is established when the
surface discontinuity depth is greater at the borders than in the center in both the x- and
y-axes. Meanwhile, scratches are determined when the surface discontinuity does not provide
a greater surface at the borders than in the center with respect to the x-axis. Additionally, the
surface defect depth is determined by computing the difference between the surface profile
point (A), (B) and the minimum of the surface discontinuity point (B).
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Figure 3. (a) Surface hole with surface depth of 10 microns to compute the pattern of affine moment
invariants. (b) Irregular surface hole to compute the pattern of affine moment invariants. (c) Irregular
surface scratch with surface depth of 12 microns to compute the pattern of affine moment invariants.
(d) Surface profile showing discontinuity used to determine surface defects.

2.2. Surface Representation via Sixth-Order Bezier Surface

Microsurface defect recognition is carried out by computing the affine moment in-
variants from a surface region, which is represented as a Bezier surface. In particular, the

192



Coatings 2025, 15, 385

Bezier surface is computed from the surface points z; ;, as depicted in Figure 1. Here, the
coordinates (x; ;, y; ;) depict the surface position in the x- and y-axes, while the sub-indices
(i,j) represent the number of surface points in the x- and y-directions, respectively. Thus,
a sixth-order Bezier surface is built through the surface points (zg 0, z1,0, - - -» 25,0, - - - Z6,6)-
From these data, the Bezier surface is generated based on the control points P; ; by means
of the following expressions:

i=6]=6 61 6! | o
Srr(u,0) =  _(1-uw)®(1-0)" Tulvl P 57+, w,0 € [0,1], (13)
i;(]];) (6_1)'11(6_])']'< ) +i5T+j

(X6R+i,j — X6R,j)  (yier+j —ier)

(Xo(r1) ; = ¥6r,j) T Wieran) — VieT)

Lll‘,]‘

In this equation, the sub-indices (R,T) represent the surface region under test, Pi;
denote control points that move the Bezier surface Sg r(u,v) toward the surface points z; ;,
and the values (1, v) are defined in the x- and y-axes, respectively. Based on these statements,
the target surface is represented by the Bezier surfaces Sy (u,v), S1,0(u,v), 51,0(1,0), and
S11(w,0), .. ... , SMN(,0). To determine each of the Bezier surfaces, the control points
Pgr+igr+j must be computed. In this way, the values (u; ;, v; ;) and the surface points z; are
substituted into Equation (13) to obtain the following system of equations:

Sr (10,0, v0,0) Bo,0 (10,0, v0,0) + Boa1 (10,0, 0,0) + Bo2(0,0,v0,0) + - - - + Be e (10,0, v0,0) W0,020,0
Srr(u0,0,v01) Bo,o(10,0,0,1) + Bo,1(10,0,v0,1) + Bo2(t0,0,00,1) + - - - + Bee (10,0, v0,1) wo,120,1
Srr(uoo,vo2) | = | Boo(t#o0,002) + Boa(uo2,000) + Bo2(uo2,v0,0) + - - - + Bes (1400, v02) wo2Z02 |. (14)
Sr,1(55,055) wBo,0 (U6, V6,6) + Boj1(tes, Vs6) + Bo2(Ue6s Vee) + - - -+ Bss(ties, Use) We,626,6

In this system, B;j(1,0) = 6!6!(1 — u)®~(1 — v)*Ju'v//(6 — i)!il(6 — j)!j!, and the
control points are defined based on the weights wer;erj according to the expression
PeR+i6T+j = WeR+i6T+j Z6R+i6T+j. 10 solve Equation (14), Sg r(u;;,v; ;) are replaced by the
surface data zgr.; 674, and (u; j, v; ;) are computed using the expressions given in Equa-
tion (13). Thus, the weights wgg,; 74, are calculated through a genetic algorithm by means
of the following steps. The first step involves computing the initial population from the
maximum and minimum of each weight. In this way, the maximum and minimum are
determined by computing the initial Bezier surface Sg,r(u; ;,v; ;). Then, wegr,;er+j =1 and
PeRyipT+j = (WoR+i6T+) (26R+,',6T+]«) are substituted into Equation (13). Thus, if the Bezier
surface Sg,r(u; j, v; ;) is over the surface zgry;6ryj, the maximum is equal to 1, while the
minimum is given by the expression (Z6R+i,6T+j — 3[SR,T(ui,j/ ZJZ'/]‘) — Z6R+i,6Tm+j])/26R+i,6T+j-
However, if the Bezier surface Sg (1 j, v; ;) is under zgr,; 61+, the minimum is equal to 1 and
the maximum is given by the expression (Z6R+i/6T+]‘ — 3[SR,T(u1’J«, i) — 26R+i,6T+j]) / Z6R+i,6T+j-
Thus, the search space is obtained for each weight. From the search space, four values
are randomly taken to determine the initial population for each weight. These values
are defined as the parents (Pyx, Pk, P3x, P4x), which represent the initial population. In
this case, the sub-index k indicates the generation number. The second step computes the
children in generation k via crossover based on exploration and exploitation [32]. This
procedure computes two children inside parents and one child outside parents. In this
way, the children (Cy i, Cx) and (Cy, Cs k) are calculated via exploration from the parents
(P1x, Pog) and (P53, Py ), respectively. Meanwhile, the children (Cz ., Cg i) are computed
via exploitation. Thus, the current children are calculated using the following expressions:

Cix=0.5[(Pyx + Poy) + BIPx — Pyil], (15)
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Cok = 05[(P1x +Pox) — BIP1x — Poxll, (16)
Caje = 0.5[(Pyy + Py i) + fIPyj — Pyil], (17)
Csx =05[(Pyx +P3x) — BIPyy — Pail], (18)
Caje =Pox + B Pping — Po!, (19)

Coék = Pmaxk + B1P5x — Prmax |- (20)

In these equations, Py x and Ps5; denote the minimum and maximum of each weight,
and Ppin r, and P,y k, are the maximum and minimum values of the parents (Py, Py,
P3, Pyx). Additionally, the parameter B is calculated by means of the factor &, which is
a random value in the interval between 0 and 1. In this way, B = (2a)'/? if « > 0.5; other-
wise, p=[2(1 — 2)]*/2. Thus, Equations (15)—(18) produce children inside parents, while
Equations (19) and (20) produce children outside parents. From this procedure, the genera-
tion k children are generated. Additionally, the boundary control points are determined by
means of the expressions Pg«ry6, = (Perns5j + Porr17,)/2 and Pj g1 = (Pj 6145 + P 6v747) /2
in order to preserve continuity G'. The third step involves calculating the population fitness
throughout the Bezier surface Sk 1 (u; j,v ; ;) by means of an objective function, which is
presented in the following expression

i=6j=6

. 1
ORr,r = min EZ Y [Srr(uij,vif) — zij] 2. (21)
i=0j=0

This equation allows for computation of the fitness utilizing the surface points z; ;
and the Bezier surface Sgr (4,0 ;;). In the fourth step, the best current parents and
children are determined according to the fitness values to obtain the parents of the (k + 1)th
generation. In this way, the parent P; ;. is taken from the parents (P; x, P, ), the parent
P3 k41 is collected from the parents (P3x, P4 ), the parent P; i is taken from children (Cy x,
Cok, C3k), and the parent Py ;.1 is chosen from the children (Cy, Csk, Cg k). The fifth step
involves mutating one parent and one weight to avoid a local minimum. For this purpose,
a new parent replaces the worst parent to calculate the fitness using Equation (21). If the
new parent enhances the fitness, the worst parent is changed by the new parent. Otherwise,
the mutation is not carried out. Additionally, a new weight is substituted for an existing
weight of a parent, which is selected in random form, and the fitness is calculated via
Equation (21). If the new weight enhances the fitness, the selected weight is replaced by
the new weight; otherwise, the selected weight is not mutated. In this way, the parents in
the (k + 1)th generation are obtained. Then, Equations (15)—(20) are computed to obtain
the (k + 1)th generation children. Thus, the (k + 1)th generation population is generated.
Then, steps 2-5 are iteratively computed until weights that minimize the objective function
Equation (21) are obtained.

To describe the procedure to generate the Bezier surface, the surface Sg (1, v) was
obtained using the genetic algorithm from the surface points shown in Figure 4a. In this
way, the weights (wg o, wo 1, wop, - - .., We ) were computed through the genetic algorithm.
In this case, the Bezier surface weights were established as wpg =1, wgg = 1, wpe = 1,
and Wee = 1. Meanwhile, the control points (P6,lr P6,2/ Ps3, Pg 4, P6,5) and (P1,6/ Pog, P3,6r
Py, P56) were computed according to the expressions Pg«ry6j = (Pgr+5+Ps*r+7,)/2 and
P; ¢+1 = (P; 6145 +Pj,6+147)/2 in order to ensure continuity G!. Based on these statements,
the first step determines the maximum and minimum for the initial Bezier surface through
Equation (13). Thus, the search space for each weight was obtained. From this search space,
four parents were randomly chosen to generate the initial population for each weight.
These first parents are presented in Table 1, where the first column depicts the weights to be
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computed and the parents (P11, P21, P31, Py,1) are listed in the second to fifth column. Then,
the second step involved computing the current children via crossover. Here, the children
(C1k, Cok, Caks Cs ) were calculated via Equations (15)—(18), while the children (Cz ., Cg x)
were calculated via Equations (20) and (21). These children are listed in columns 6-11 of
Table 1. Then, the third step involved calculating the fitness by computing Equation (21),
substituting Sg 7(u; j, v; ;) and zgr.; 674 These fitness values are indicated in row 25. The
fitness results indicate that the initial population produced a low error. Next, in the fourth
step, the (k + 1)th generation’s parents were selected from the best parents and children in
generated k. For this purpose, parent Py ;.1 was taken from (P, Py ), P3 x4+1 was chosen
from the parents (P3, Py ), parent P, ;1 was taken from the children (Cy x, Cox, C3), and
e parent P4, was chosen from the children (Cyy, Csx, Cox), where P15 =Py 1, P35 =Py,
Py = Cy1,and Pyy = Cs1. Then, the fifth step involved taking the worst parent (P4,) to
perform a mutation. Thus, a new mutated parent replaced the parent P4, to compute the
fitness using Equation (21). In this case, the new parent enhanced the fitness, so this new
parent replaced Py 5. Then, parent P3, was randomly designated to mutate the weight w .
A new weight was generated to replace the weight w, o, and the fitness was calculated by
computing Equation (21). In this case, the new weight enhanced the fitness, and, therefore,
the new weight was used to replace wy . Next, Equations (15)—(20) were computed to
obtain the children in generation k+1, and their fitness was computed using Equation (21).
The population of the (k + 1)th generation is provided in Table 2.
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Figure 4. (a) Surface points to generate a Bezier surface. (b) Sixth-order Bezier surface obtained
through the control points computed via genetic algorithm.

Table 1. Surface control points generated via genetic algorithm for the first generation.

Pi; P11 P31 P31 Py Cia Caa GCs1 Cy1 Cs1 Ce,1

P11 28.9056  28.6469  28.1968 28.2735 28.7853  28.7672  27.7224  28.2378  28.2325  28.8730
Py 27.3941 27.3509 28.0884  27.3139 273740 27.3710 27.2886 27.7284  27.6739 29.6848
P13 28.3126  28.3822 27.7694 279575 283498 28.3449 26.7137 27.8701 27.8569  28.9754
P14 26.8157 26.7326  26.8962 269868 26.7770 26.7712  25.7988 269446 26.9383  28.8012
Pis 249463 24.8807 24.8769 24.8898 249158 249112 24.8290 24.8838 24.8829 25.1638
Py 28.8557  28.0752  29.6197 29.0564 28.4929 28.4381 27.4121 29.3578 29.3183  29.6697
Py, 29.4513 27.3254  27.1183 29.1966 28.4630 28.3136 27.1639  28.2305 28.0844  30.4944
Py3 27.7453 285685 29.1180 27.1936 28.1858 28.1280 26.4440 28.2234 28.0882  29.2922
Pyy 259628 25.6473 27.2727 28.8625 258161 25.7940 25.5324 28.1234 28.0117  29.3302
Pys 25.8177  25.2971  25.7607 25.2551 255757 255391 24.6848 25.5257 25.4901 25.9688
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Table 1. Cont.

Pi; P11 Pr1 P31 Pyq Cia Coa Cs1 Cy1 Cs1 Ce,1

P34 28.3144  27.2626  27.6421  28.7311 27.8255 27.7516  26.7868 < 28.2249  28.1483  28.8677
P35 26.4725  26.4747  27.0929  28.5052 26.4737 26.4735 26.4204 27.8486 27.7494  29.8719
P33 29.5190 26.8259  29.2607  29.7010 28.2671  28.0778  26.0964  29.4963 29.4654  30.0632
P34 26.3625  25.8400 29.4144  26.2292 26.1196 26.0829  25.1292 27.9337 27.7099  29.7836
P35 25.3259  25.2249  26.5099 24.1571 25.2789 < 25.2718 24.2256 25.4162 25.2508 26.5848
P4y 26.4720 28.3858 27.7431  26.2314 27.4962 27.3617 25.8685 27.0404 26.9341  28.6909
Pyp 27.0939  28.1520 28.4976  28.3975 27.6601 27.5858 25.7236  28.4510 28.4440 29.5432
Pys 26.2671  25.3507 25.4891  28.2084 25.8411 25.7767 25.1914 26.9443 26.7532  29.8229
Pyy 30.3870  28.5053  29.7856  24.4233  29.5123  29.3800 24.7849 27.2929 26.9161  30.1598
Pys 23.6267 25.4344 253135 26.2478 245941 24.4670 23.4984 25.8135 25.7478  26.2922
Ps, 26.6206  26.6891 259057 26.5238 26.6573  26.6525 249156 26.2364 26.1930 27.7168
Ps, 26.4087  26.3596  26.0120 25.2285  26.3859  26.3824  24.7510 25.6477  25.5927  28.3167
Ps3 279725 249619 24.9479  28.6485 26.5730 26.3614 24.4469  26.9282  26.6682  28.6723
Ps 4 28.2968  26.0172  28.7166  27.8049 27.2371 27.0769  23.8313  28.2928  28.2287  29.2507
Ps5 24.0497  23.3524  24.8296  25.2043  23.7256  23.6766  22.7612  25.0301 25.0038 26.0630
fitness 1.4608 1.2323 1.5853 1.4859 1.3596 1.3289 0.7742 1.5572 1.5102 2.2006

Table 2. Surface control points generated via genetic algorithm for the second generation.

P;; P11 Pr1 P31 Pyq Ci1 Caa Gz Cy1 Cs1 Ce,1 :;z(;)tnlter
P, 28.6469 27.7224 28.2735 279080 28.2172 28.1522 27.7043 28.1036 28.0779 28.8473 27.6033
Py 27.3509 27.2886 27.3139 28.2726 27.3219 27.3176 27.2856 27.8269 27.7596 29.7522 26.5566
P13 28.3822 26.7137 279575 26.8905 27.6065 27.4893 26.7186 27.4615 27.3865 28.9005 25.9509
P14 26.7326  25.7988 26.9868 27.6245 26.2985 26.2329 25.7929 27.3281 27.2832 28.8461 24.0033
Pis 24.8807 24.8290 24.8898 249741 24.8567 24.8530 24.8244 249349 249290 25.1697 23.2542
P4 28.0752 27.4121 29.0564 28.2970 27.7669 27.7203 27.3572 28.7034 28.6500 29.6163 26.8506
Py, 27.3254 27.1639 29.1966 29.1827 27.2503 27.2390 27.0145 29.1901 29.1891 30.4934 26.4636
Py3 28.5685 26.4440 27.1936 27.1367 27.5809 27.4316 26.5018 27.1672 27.1632 29.2882 25.8039
Pry 25.6473 25.5324 28.8625 29.1113 25.5939 255858 25.5103 28.9956 28.9782 29.3477 23.8593
Pys5 252971 24.6848 25.2551 25.2502 25.0125 249694 24.6482 252528 25.2525 259684 22.9206
P31 272626 26.7868 28.7311 28.1793 27.0414 27.0080 26.7129 28.4746 28.4358 28.8290 26.1063
P35 26.4747 26.4204 285052 26.6214 26.4494 26.4456 26.4205 27.6295 27.4971 29.7395 25.8393
P33 26.8259 26.0964 29.7010 26.8240 26.4868 26.4355 25.9072 28.3636 28.1614 29.8610 25.5426
P34 25.8400 25.1292 26.2292 28.2756 25.5096 25.4596 25.0924 27.3243 27.1805 29.9274 23.1096
P35 25.2249 242256 24.1571 249234 24.7603 24.6901 24.2185 245672 245133 26.6386 21.9303
Pyq 28.3858 25.8685 26.2314 26.4554 27.2156 27.0387 26.0030 26.3513 26.3355 28.7066 24.9330
Pyy 28.1520 25.7236 28.3975 259571 27.0231 26.8525 25.7979 27.2631 27.0916 29.3717 24.6096
Py3 25.3507 25.1914 28.2084 26.0330 25.2766 25.2654 25.1270 27.1971 27.0443 29.6701 24.3633
Pyy 28.5053 24.7849 24.4233 25.2153 26.7758 26.5144 24.6527 24.8471 24.7915 30.2155 22.5072
Pys 254344 234984 26.2478 25.0400 24.5344 24.3984 23.6255 25.6863 25.6014 26.2073 21.0366
Ps 4 26.6891 249156 26.5238 26.1501 25.8647 25.7401 24.9204 26.3501 26.3238 27.6905 23.7936
Ps, 26.3596 24.7510 25.2285 27.2772 25.6118 254988 24.7475 26.3248 26.1808 28.4606 23.4075
Ps3 249619 244469 28.6485 26.1567 24.7225 24.6863 24.2354 27.4901 27.3150 28.4972 23.1939
Ps 4 26.0172 23.8313 27.8049 27.5258 25.0011 24.8474 23.6711 27.6752 27.6555 29.2311 21.3660
Ps5 23.3524 22.7612 25.2043 239659 23.0776 23.0360 22.7122 24.6286 24.5416 259760 20.5068
fitness 1.2323  0.7742 1.4859 1.3105 1.1611 1.1418 1.0142 1.3748 1.3529 1.9422  0.0001

The procedure to compute the (k + 1)th generation population was repeated until

the objective function (Equation (21)) was minimized. Through this procedure, the op-

timal weights were obtained, as shown in column 15 of Table 2. These weights were

employed to compute the control points P; ; = w; ;z; j, which generate the Bezier surface

So,0(1, v). Meanwhile, the control points (Ps 1, P2, Ps3, Pea, Ps5) and (P1g, Prg, Pag,
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Py, P56) were computed according to the expressions Pgr1g, = (P5+r15.1+ Perri7,)/2 and
P; 61 = (P; ¢*1+5 +P; 6*147)/2 in order to ensure continuity G!. The Bezier surface So,0(u, v)
generated via the genetic algorithm is shown in Figure 4b. In the same way, the Bezier
surfaces So1(1,0), S1,0(1,0), and S11(14,0) were computed to obtain the complete Bezier
surface. Thus, the generation of the Bezier surface was accomplished through the use of
the genetic algorithm.

2.3. Microsurface Contouring via Microlaser Line Scanning

In the proposed approach, microsurface contouring is performed via microlaser line
projection using the microscope vision system shown in Figure 5a. This vision system
consists of an optical microscope, on which a microlaser line and a CCD array are attached.
The microscope system is mounted on a slider platform, which moves the setup using
Matlab to perform microlaser line scanning. In this optical setup, the x-axis represents
the horizontal axis, the y-axis depicts the depth, and the z-axis represents the vertical
axis. In this way, the surface is generally located on the x-y plane, and the surface height
is parallel to the z-axis. The optical geometry of the microscope system is outlined in
Figure 5b. In particular, a 39 pm laser line is projected perpendicularly to the surface, and
the microscope is aligned at an angle 8, which represents the angle generated between the
optical axis and the microlaser line. The distance between the surface and the objective
lens is represented by Ay, the distance between the objective lens and the intermediate
image plane is indicated by A;, and the distance between the intermediate image plane
and the ocular lens is represented by A,. The objective lens focus is denoted by F;, while
the ocular lens focus is given by F,. The laser’s position in the image plane is represented
by the coordinates (x;j, y;j). The image center is given by the coordinates (xc, yc) and the
pixel size is denoted by 7. For the geometry shown in Figure 5b, the surface depth z; ; and
surface width y; ; are defined according to the following equations:

n(xc —x;;)F1Fa

#i = (A1Ay — A1F, — AyFy + FiF)sinf o )
B (e —yij) AR
Yij=1Ye (AlAz—A1F2—A2F1+F1F2). >

The surface length x; ; is acquired from the laser line position, which is provided by the
slider platform. Meanwhile, the surface depth z;; and the surface width y;; are calculated
by means of the parameters (X, yc, 1, 6, A1, A1, Fy, F), computed using a genetic algorithm
that allows for computation of the objective function via Equations (22) and (23). The
genetic algorithm is implemented through the following five steps. The first step involves
collecting the initial population from the search space of each parameter. In this way, the
maximum and minimum values of the parameters x., y., and 1 are obtained from the
image size data. Meanwhile, the maximum and minimum values of the parameters Aj,
Fi1, Ay, Fp, and 6 are deduced from the geometry of the optical microscope. In particular,
the minimum F, is established as the ocular lens ratio multiplied by 1.2 and the maximum
F, is defined as the ocular lens ratio multiplied by 2.4. Furthermore, the minimum A is
defined as the ocular lens ratio multiplied by 1.4 and the maximum A is established as the
ocular lens ratio multiplied by 2.8.
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Figure 5. (a) Microscope vision system used to perform microsurface defect recognition. (b) Optical
geometry of the microscope vision system.

Additionally, the minimum and maximum F; values are defined as the objective lens
ratio multiplied by 1.2 and 2.4, respectively. Moreover, the minimum and maximum A;
values are defined as the objective lens ratio multiplied by 1.4 and 3.2, respectively. The
minimum and maximum 0 values are defined as 20° and 50°, respectively. Collectively,
these ranges define the search space. Then, four parents (P i, Py, P3x, P41y) are chosen
randomly from the intervals between the maximum and minimum values for each parame-
ter. In this way, all the parameters (x¢, y¢, 1, 0, A1, F1, Ay, F;) are collected into four parents,
which represent the initial population. The second step involves generating four children
(C1x Coxs Cax, Csx) by computing Equations (15)—(18) and an additional two children
(C3x, Cex) by computing Equations (20) and (21). Then, in the third step, the fitness is
calculated via an objective function, represented as follows:

2
. 1(xec _xi,j)FlFZ 1(xc — %) F1 B2
FO1 = mm{ IZ_;]Z { Zij = Zim) (A1 Ay — ArFs — AoFs + FiE)sin® | (A1Ag — AiFs — AoFy + BiFa)sind | (7 (24)

1 B N(Ye —yij)FuFs 1(Ye — Yim) 12 ’
o = mm{mx”,g ; { Yij = Yim) (A1A2 - AR —]A2F1 +FAEB)  (A1Ay — AtF — AoFy + Fle)] } )

From these equations, the fitness is calculated by computing the equation

O = (FO; + FOy)/2, where (z;; — z;m) and (y;; — Y;,m) are known. In the fourth step,
the parents of the (k + 1)th generation are obtained according to the fitness values. Here,
the parents P; 1,1 and P34 are collected from the parents (P y, Py x) and (P3, Pyy), re-
spectively, while the parents P, ;1 and Py, are collected from the children (Cy x, Cox, C3x)
and (Cyy, Cs, Ce ), respectively. Next, in the fifth step, the worst parent is replaced by
a new parent from the search space and the fitness is calculated. If the new parent has
improved the fitness, the new parent is substituted for the worst parent; otherwise, the
worst parent is not mutated. Furthermore, a new parameter value replaces a randomly
chosen parameter in the obtained parents. If the new parameter improves the fitness,
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this parameter is mutated; otherwise, it is not mutated. Thus, the parents in the (k + 1)th
generation are determined. From these parents, the (k + 1)th generation children are com-
puted using Equations (15)—(20), and their fitness is computed via Equations (24) and (25).
In this way, the (k + 1)th generation population has been determined. The procedure
to calculate the (k + 1) generation population is iteratively performed until a parameter
combination (x., y¢, 4, 8, A1, F1, Ap, F») that minimizes Equations (25) and (26) is ob-
tained. Furthermore, the length between zero and O is obtained by computing the term
zo,j =1(X0j — Xc) F1F2/(A1 — F1) (A2 — Fp)sind.

The laser line coordinates are determined by computing the maximum intensity in the
x-axis of the microscopic image [33]. For this purpose, a Bezier curve is fitted from the laser
line pixels in the x-axis by means of the following equations:

N o
x(u) =Y G(1—u)Nuix, G =Ca(N+1-1)/i,Co=10<u<1 (26
i=0

N o
Zu) =Y GA-uw)N W, C=C 1 (N+1-i)/i,Co=1,0<u<1l (27)
i=0

In Equation (26), %; j indicates the laser line pixel position in the x-axis and N represents
the laser line width (in pixels). Meanwhile, I; ; depicts the pixel intensity in Equation (27).
Here, the sub-indices (i, j) denote the number of laser line pixels in the x- and y-axes,
respectively. To fit the Bezier curve, I; ; is substituted in Equation (27) to obtain a concave
curve I(u), whose second derivative I”(u) is positive in the interval 0 < u < 1. In this
way, the maximum intensity is computed using the first derivative I'(1) = 0. Here, the
bisection method is used to compute the value u satisfying this condition. Thus, u is
replaced in Equation (26) to compute x; ; = x(u), which depicts the line position in the x-axis.
The position y; ; is obtained from the row number of the laser line image. The laser line
edges y; o and y; ,; are then determined by computing the first derivative in the y-axis.
To determine the laser line coordinates (x; j, y;;), the microscope vision system scans the
surface. The CCD camera captures the microlaser line to compute the coordinates (x; j, y; ;)
by means of Equations (26) and (27), respectively. Then, the surface depth z; ; is computed
by replacing x; ; in Equation (22) and the surface width y; ; is computed by substituting
yij in Equation (24). The surface length coordinate in the x-axis is provided by the slider
device. Thus, the three-dimensional microsurface topography is recovered.

For this microscope vision system, the laser line provides the reference position
to determine the radial distortion. In this way, the laser line coordinates (x; ;, y; ;) are
computed via Equations (26) and (27). Based on the distorted coordinates (x; , y; j), the
undistorted coordinates are defined x;; = x;; + dx;and y;; = y;; + 8y;, where (8x;, dy;)
denotes the distortion. Therefore, the expression S;; = x;; — X; ; represents distorted
line shifting and s; ; = (x1,; + 8x1) — (x;; + 8x;) provides undistorted line shifting. In this
way, dx; = (x1,; — X;j) — §;j + dx1 = 5; j=s;j + 8x1 is used to compute the distortion in the
x-axis. To obtain the first line shifting without distortion, the laser line is placed near
to the image center to achieve dx; = 0 and s;; = S ;. Thus, the expression s; ; = i*Sy;
provides undistorted shifting, where the distortion in the x-axis is computed using the
expression 0X; = (x1,; — X; ;) — i*Sy ;. Similarly, the distortion in the y-axis is deduced from
the expressions (y;1 — vij) = (yiq + 8y1) — (yi; + 8y)) and Tij=(yin — yij)- From these
terms, the expression dy; = (y;1 — y;;) — j*Ti1 is obtained to compute the distortion in
the y-axis.
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3. Results of Microsurface Defect Recognition

Microsurface defect recognition was performed using the microscope vision system
shown in Figure 5a. In particular, the recognition of holes and scratches was carried out
on flat, cylindrical, and free-form surfaces. First, microsurface defect recognition was
performed for the metallic flat surface shown in Figure 6a, where the scale is indicated in
mm in the x-axis. The laser line projected on the flat surface is also shown in Figure 6b. Thus,
the flat surface was scanned in the x-direction by the microscope vision system to retrieve
the surface contour. During scanning, the camera captured the laser line to determine
the laser line position (x; j, y;;) by computing Equations (26) and (27). Then, the surface
depth z; ; and the surface width y; ; were calculated by computing Equations (22) and (23),
using the position (x; j, y; j), where the surface coordinate x; ; is given by the slider platform.
Thus, 268 laser lines were processed to retrieve the flat surface topography. The surface
contouring accuracy was determined according to the relative error [34], where a contact
method was used for reference measurement. Thus, the relative error of surface contouring
was calculated as follows:

100 |2ij — hi

O: ZZ h;

mi= 0j=0 ij

(28)

In this equation, ; ; is the surface measurement via contact method, z; ; is the surface
measurement computed via Equation (22), and n-m denotes the number of data. Thus,
Equation (28) was computed and the result indicated a relative error of Er% = 0.727%. Then,
a Bezier surface was computed from the surface retrieved via microlaser line scanning using
the genetic algorithm. For this purpose, the surface was divided into regions of 7 x 7 points
in order to compute each Bezier surface Sg 7(1,v). Furthermore, the weights wer+0, 6740 = 1,
WeR+6,6T+0 = 1, WeR+0,6T+6 = 1, and wer46,6T+6 = 1 were established for each Bezier surface.
Additionally, the control points (P6*R 1, P6*R 2, P6*R 3, P6*R 4, P6*R 5) and (Pl 6*T» P2 6*T» P3 6*T/
Py ¢+1, P5 6+) were computed according to the expressions Pgrie; = (Peri5, + Perri7,)/2
and P; g*r = (P; gr145 + Pj,6*147)/2 in order to ensure continuity G!. Then, the genetic
algorithm determined the maximum and minimum of each weight wer.;er4; for the ini-

tial Bezier surface via Equation (13). In this context, if Sg 7(u;j, v;;) was greater than

Z6R+i6T+j, the maximum was equal to 1 and the minimum was }])rovided by the expres-
sion (zer+i67+~3LSR, (Wi j, Vi j) — ZeR+i6Tm+l)/ Z6r+i6T+j- Meanwhile, if zgr,; 614 Was greater
than Sg r(u; j, v; ;), the minimum was equal to 1 and the maximum was provided by the
expression (zer+i6r+j — 3[SR,T(Wij, Vi j) — Zer+i6T+])/ Z6R+i6T+j- Thus, the search space was
obtained for each weight. Then, four parents were taken randomly from the search space
to obtain the initial population for each weight. Next, the current children were generated
by computing Equations (15)-(21). Then, the fitness of each Sg r(u; ;, v; j) was determined
through computing Equation (21) by means of the surface zgryieryj. Next, Py gy was
selected from (Pyx, Poy), Py from (Psg, Pyy), Pojsr from (Cix, Cox, Ca), and Py gy
from (Cy, Cs, Co ) to serve as the parents for the (k + 1)th generation. Then, the worst
parent with respect to each weight was replaced by a new parent to compute the fitness
(Equation (21)). If the new parent enhanced the fitness, the worst parent was mutated;
otherwise, the mutation was not performed. Additionally, a new weight was used to
replace a weight from a random parent to calculate the fitness via Equation (21). If the
new weight enhanced the fitness, the selected weight was mutated; otherwise, mutation
was not performed. Then, Equations (15)—(20) were computed to obtain the (k + 1)th
generation children. The procedure to compute the (k + 1)th generation population was
repeated until the objective function (Equation (21)) was minimized. Then, the control
points Per+i67+j = (WeR+i6T+)(Z6R+i6T+j) Were computed using the optimal weights and the
surface data. Next, the control points Pgr+ier+j Were replaced in the Bezier surfaces Sp o(1,0),
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S1,0(u,v), S10(u,0), and Sq1(1,0), .. .... , SMN(1,0) to obtain the surface topography shown in
Figure 6¢. Here, the scale is represented in mm in the x- and y-axes and in microns in the
z-axis. The accuracy of the Bezier surface was determined according to Equation (28). Here,
z;; was replaced by the Bezier surface Sg r(u; j, v;;) and h; ; was replaced by the surface
retrieved through microlaser line scanning. In this case, the accuracy of the surface shown
in Figure 6¢ indicated a relative error of Er% = 0.402%.
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Figure 6. (a) Flat surface to perform surface defect recognition (scale in mm in x-direction).
(b) Microlaser line projected on the flat surface. (c) Microsurface generated using the Bezier surface
(Equation (13)). (d) Hole surface to compute the pattern of affine moment invariants.

Then, surface defect recognition is performed from the Bezier surface shown in
Figure 6¢. This procedure was carried out by computing the affine moment invariant
Equations (1)—(10), employing regions of 34 x 34 surface points. The central moments . 4
of each region were also computed by means of Equations (11) and (12). Here, the surface
depth is represented by f(x;;, y; ;) = z; j, and the sub-indices (i,j) denote the number of surface
points in the x- and y-axes. Equations (1)-(10) were computed to establish the pattern of
affine moment invariants for each region. The result of the affine moment invariants for the
flat surface was as follows: I; = 4.6776 x 107°, 1, = —1.8352 x 10731, I3 = —1.4511 x 10718,
Iy = —3.6474 x 1072, I5=1.3521 x 10710, [, =22314 x 1071, [, =5.4774 x 1010,
Ig =7.9281 x 10716, I = 6.7816 x 10733, and Iy = —5.0054 x 10~%°. This pattern describes
a decreasing function from I; to 14, where the function peak I; is smaller than 4.6776 x 10-°
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and the moments (I, I3, I4) are negative. Meanwhile, the function increased from I5 to
I7, then tended to zero from Ig to I1p. In this way, the pattern of affine moment invariants
was established. This is elucidated through the next pattern of affine moment invariants
for the flat surface: I; = 4.2802 x 107°, I, = —2.3213 x 10732, I; = —1.8357 x 10717,
Iy = —2.4127 x 10723, Is = 1.1322 x 10719, I, = 1.7093 x 10716, I, = 4.5861 x 10719,
Ig = 6.0742 x 1071%, Iy = 0, and Iy = 0. Here, the function peak I; is smaller than
4.6776 x 10~° and the moments (I, I3, I;) are negative. Then, the window was moved in

the x- and y-directions to compute the pattern of affine moment invariants for each surface
region. When the window covered the hole, the surface shown in Figure 6d was obtained.
In this case, a discontinuity appears in the y-axis surface profile, which is indicated by the
microlaser line projection. This surface discontinuity was detected when the derivative
df (y,x)/ 9y changes signs in the y-axis. This criterion is described based on the surface profile
discontinuity shown in Figure 3d. Additionally, the surface defect depth was determined by
computing the difference between the minimum of the surface defect and the maximum of
the surface defect. Here, the surface profile f (y,x) = z; ; was computed via Equation (22), and
the surface profile width y; ; was computed via Equation (23). In this case, the maximum of
the surface defect was obtained at the border of the surface defect in the y-axis. Also, the
presence of a hole is established when the surface discontinuity depth is greater at the bor-
ders than in the center in both the x- and y-axes. Based on these statements, the hole length
is 336 microns in the x-axis, the hole width is 438 microns in the y-axis, and the hole depth
is 32 microns in the z-axis. The bottom of the hole is an irregular surface, presenting topo-
graphic variation. Thus, the hole surface was represented as a Bezier surface with smoothed
topography in order to compute the pattern of affine moment invariants, and the result
was I} =1.0513 x 1072, I, = —1.4891 x 10722, I3 =3.0546 x 10714, I, = —2.4710 x 10718,
I5=65353 x 10710, [(=23198 x 1071, [;=85784 x 1078, Ig=6.0742 x 107 1¢,
Iy = 1.6635 x 107%, and I;g = —1.6881 x 10~?°. This pattern describes a decreasing
function from I; to I4, where I; represents the function peak and (I, I4) are negative. Then,
the function increases to I7, which represents a peak, and tends to zero from Ig to I1g. The
peaks I; and Iy are larger than those of the flat surface, so it is considered that a hole defect
was detected.

This determination occurred as the hole peak was greater than 4.7 x 107, I, was
negative, and the peak I; was greater than that of the flat surface. Additionally, the
surface defect was greater at the borders than in the center in both the x- and y-axes.
Based on these statements, it was deduced that the pattern of affine moment invariants
corresponded to a hole surface defect. Thus, the shown region contoured by the microlaser
line was recognized as a microhole surface defect according to the pattern of affine moment
invariants.

The second microsurface defect recognition test was performed using the cylindrical
metallic surface shown in Figure 7a (where the scale is indicated in millimeters in the
x-direction). The microlaser line projected onto the cylindrical surface is shown in Figure 7b.
Thus, the cylindrical surface was scanned in the x-direction using the microscope vision
system to retrieve the surface contour. From the scanning result, the laser line position
(xi, yij) was computed using Equations (26) and (27). Then, the surface depth z; ; and
the surface width y; ; were obtained by computing Equations (22) and (23). The surface
coordinate x; ; is provided by the slider platform. Thus, 242 laser lines were processed to
retrieve the microcylindrical surface. The surface contouring accuracy was determined
via Equation (28), where z; ; denotes the surface measured via the contact method, #; ; is
the surface contour computed via Equation (22), and n-m is the number of data. From the
computed result, a relative error of Er% = 0.818% was determined. Then, a Bezier surface
was computed from the surface retrieved via microlaser line scanning using the genetic
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algorithm. For this purpose, the cylindrical surface was divided into regions of 7 x 7
points to compute each Bezier surface Sg r(u,v). Furthermore, for each Bezier surface, the
weights WeR+0, 6T+0 = 1, WeR+6,6T+0 = 1, WeR+0,6T+6 = 1, and WeR+6,6T+6 = 1 were established.
Meanwhile, the control points (Ps*r,1, Po*r 2, Pe*r 3, Pe*r 4r Po*r 5) and (P1,6*7, P26+, P3.6T,
Py¢1, P56+7) were computed according to the expressions Pgiri6 = (Porri5,+ e r47,)/2
and P; ¢:1 = (P; ¢*1+5 +Pj,6*147)/2 in order to ensure continuity G!. Then, the first step of the
genetic algorithm was performed to determine the maximum and minimum value of each
weight weg,; 61 through the initial Bezier surface Equation (13). If Sg r(u; j, v; j) was greater
than zer,; 67+, the maximum was equal to 1, and the minimum was computed using the
expression (zer+i67+j — 3[SR,T(Uij, Vi) — Z6r+i6Tm+l)/ Z6R+i6T+j- Meanwhile, if zgry; 671 Was
greater than Sg (1 j, v; ;), the minimum was equal to 1 and the maximum was calculated
according to the expression (z¢r+i61+j — 3[SR,1(Uij, Vi j) — Z6R+i6T+i])/ Z6R+i6T+j- Then, four
parents were collected at random from the search space to obtain the initial population for
each weight. Next, the current children were generated by computing Equations (15)-(21).
Then, the fitness of each S Rr,1(1i j, v; ;) was determined by computing Equation (21) accord-
ing to the surface zgr.; 674 Next, Py 41 was selected from (Pyx, Pox), P3 i1 from (P g, Py),
Py k1 from (Cy i, Co, Csx), and Pyjyq from (Cyp, Csi, Ce i), serving as the parents of the
(k + 1)-generation. Next, the worst parent was replaced by a new parent for each weight
and the fitness was calculated according to Equation (21). If the new parent enhanced the
fitness, the worst parent was replaced; otherwise, mutation was not performed. Addi-
tionally, a new weight replaced a weight from a randomly chosen parent and the fitness
was calculated via Equation (21). If the new weight enhanced the fitness, the selected
weight was mutated; otherwise, mutation was not performed. Then, Equations (15)-(20)
were computed to obtain the (k + 1)th generation children. The procedure to compute the
(k + 1)th generation population was repeated until the objective function (Equation (21))
had been minimized. Then, the control points PeRreier+j = (w6R+i,6T+j)(26R+i,6T+j) were cal-
culated using the optimal weights. Next, the control points Peg,;ersj Were replaced in
the Bezier surfaces Soo(1,v), S1,0(1,0), S10(1,v), and S11(w,0), .. .... , SMN(1,0) to obtain the
surface topography shown in Figure 7c, where the scale is presented in mm for the x- and
y-axes but in microns for the z-axis. The accuracy of the Bezier surface was determined via
Equation (28). For this purpose, z; ; was replaced by the Bezier surface Sg r(u; j, v; ;) and
hjj was replaced by the surface retrieved through microlaser line scanning. The results
indicated a relative error of Er% = 0.5305%. Then, surface defect recognition was performed
using the Bezier surface shown in Figure 7c. This procedure was carried out by comput-
ing the affine moment invariants via Equations (1)—-(10), employing regions of 38 x 38
surface points. Furthermore, the central moments y;, ; of each region were computed via
Equations (11) and (12) by means of the surface depth f (Xij, i) = zi j, where the sub-indices
(i,j) depict the number of surface points in the x- and y-axes. Thus, Equations (1)—(10) were
computed to establish the pattern of affine moment invariants for each region. The resulting
affine moment invariants on the cylindrical surface were as follows: I; = 3.9808 x 10-°,
I, = —4.9844 x 10774, 13 = 2.6080 x 10740, I, = —4.3482 x 107%, Is = 9.8394 x 10711,
Is =1.3935 x 10716, 1, =3.9194 x 10719, Ig = 4.9154 x 10716, Io = —1.9091 x 107, and
Io = 1.8154 x 10782, This pattern describes a decreasing function from I to Iy, where
I; represents the peak. Meanwhile, the function increases from I5 to I7, then decreases
from Ig to I;p. From this pattern, it is deduced that the peak I; is smaller than those for
the flat surface and the hole surface defect. Furthermore, the peak Iy is also smaller than
those for the flat surface and the hole surface defect. This criterion is elucidated by the
pattern of affine moment invariants for another cylindrical surface: Iy = 4.0776 x 10°°,
I =—1.1929 x 10748, I3 = 8.9806 x 10728, I, = —7.8272 x 1072, Is = 1.0294 x 10710,
Io = 1.4854 x 10710, I, = 4.1449 x 10710, Ig = 5.2635 x 10716, Iy = 6.3026 x 10~°*, and
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Object height (microns)

I1g = —4.2746 x 10~%. Then, the window is moved in the x-direction and y-direction to
compute the pattern of affine moment invariants in each surface region. When the window
covered a hole, an irregular topography was determined. In this case, a discontinuity
appears in the y-axis in the surface profile, which is provided by the microlaser line pro-
jection. This surface discontinuity was detected due to the derivative df (y,x)/dy changing
sign in the y-axis. The surface defect depth was determined by computing the difference
between the minimum and maximum depth values for the surface defect. The surface
profile f(y,x) = z; ; was computed via Equation (22), and the surface profile width y; ; was
computed via Equation (23). Meanwhile, the maximum of the surface defect is obtained
at the border of the surface defect in the y-axis. Furthermore, the presence of a hole was
established as the surface discontinuity depth was greater at the borders than in the center
in both the x- and y-axes. In this case, the hole presented an irregular topography, with
variations in the x-, y-, and z-axes. The hole length was 620 microns in the x-axis, the hole
width was 504 microns in the y-axis, and the hole depth was 32 microns in the z-axis.
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Figure 7. (a) Cylindrical metallic surface used to perform surface defect recognition (scale in mm in
x-direction). (b) Microlaser line projected onto the cylindrical surface. (¢) Microsurface generated
using the Bezier surface Equation (13). (d) Scratch surface used to compute the pattern of affine

moment invariants.

The hole surface was represented by the Bezier surface to compute the pattern
of affine moment invariants and the results were as follows: [; = 4.9004 x 107°,
I =—61116 x 1072, I3 = 2.1951 x 10715, I, = —9.1065 x 1072, I5 = 1.4666 x 1010,
Ig = 2.5385 x 10716, I, = 6.4527 x 1077, Ig = 9.0208 x 10716, Iy = 5.7381 x 10~%°, and
Lo = —2.2245 x 1073%, This pattern describes a decreasing function from I; to I, where I
represents the function’s peak. The function then increased until Iy and tended to zero from
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Ig to I1g. In this case, it can be deduced that the peak I; was greater than those for the flat
and cylindrical surfaces. Furthermore, the peak I; was greater than those for the flat and
cylindrical surfaces. In this way, the characteristic pattern of the hole surface defect was
recognized as the function peak I; was greater than 4.7 x 107¢ and (I, I;) were negative.
Furthermore, the surface defect was greater at the borders than in the center in both the x-
and y-axes. Based on these statements, it can be deduced that the pattern of affine moment
invariants corresponded to a hole surface defect. From this pattern of affine moment
invariants, the surface defect was recognized as a hole. Thus, a region contoured by the
microlaser line was recognized as a microsurface hole defect on a cylindrical surface. Then,
the window size was modified to 38 x 26 surface points to perform microsurface defect
recognition based on the presence of scratches. When the window covered the scratched
area indicated by the arrow, the surface shown in Figure 7d was obtained. In this case, a
discontinuity appeared in the y-axis in the surface profile provided by the microlaser line
projection. This surface discontinuity was detected when the derivative df (y,x)/dy changed
signs in the y-axis. The surface defect depth was determined by computing the difference
between the minimum and maximum depth values of the surface defect, where the surface
profile f(y,x) = z; j was computed via Equation (22) and the surface profile width y; ; was
computed via Equation (23). The maximum of the surface defect was obtained on the
border of the surface defect in the y-axis, and the presence of a scratch can be established
when the surface discontinuity depth is not greater at the borders than in the center in the
x-axis. The scratch length was 412 microns in the x-axis, the scratch width was 298 microns
in the y-axis, and the scratch depth was 22 microns in the z-axis. The bottom of the scratch
presents an irregular surface, which contains topographic variations in the x-, y-, and z-axes.
The pattern of affine moment invariants was computed from the Bezier surface using
Equations (1)—(10), and the result was as follows: I = 5.4895 x 107°,1, = —1.7040 x 10~%,
I3 = 9.0153 x 10716, I, = —2.5433 x 10729, I5 = 1.8663 x 10719, Iy = 3.6278 x 1071,
I; =5.1067 x 1077, Ig=1.284910715, Iy = 9.5397 x 1073, and I;y = —1.3892 x 10~32. This
pattern indicates a decreasing function from I; to I, where I; represents the function
peak and (I, I4) are negative. Then, the function increases to Iy, which represents a peak,
following which the function tends to zero from Ig to I19. Additionally, the peak I; is greater
than 4.7 x 10~°. Furthermore, the surface defect is not greater at the borders than in the
center in the x-axis. From this pattern of affine moment invariants, the surface defect was
recognized as a scratch. Thus, a region contoured by the microlaser line was recognized
as a scratch-type microdefect on a cylindrical surface. This criterion was elucidated by
the pattern of affine moment invariants of another scratch-type surface defect as follows:
I; =5.4084 x 107°, I, = 1.5246 x 1072°, I3 = —1.2930 x 1071, I, = —4.0845 x 10~%,
Is = 1.8104 x 10710, Iy = 3.4704 x 1071, I; = 49610 x 1077, Ig = 1.2282 x 10715,
Ig =3.0332 x 10739 and I;g = —2.6570 x 10733, Here, the peak I; is greater than 4.7 x 107°,
and the surface defect is not greater at the borders than in the center in the x-axis.

Next, microsurface defect recognition was performed on the plastic free-form surface
shown in Figure 8a, where the scale is indicated in millimeters in the x-direction. The
microlaser line projected onto the plastic free-form surface is shown in Figure 8b. The
free-form surface was scanned via microlaser line in the x-axis to compute the surface depth
z;,; and the surface width y; ; via Equations (22) and (23). The coordinate x; ; was obtained
from the slider platform. Thus, 232 laser lines were processed to retrieve the free-form
surface. The surface accuracy was determined via Equation (28), where z; ; was the surface
measured via contact method, h; ; was the surface contour computed via Equation (22), and
n-m denotes the number of data. Thus, the result indicated a relative error of Er% = 0.883%.
Then, the Bezier surfaces Sg (1,0), S1,0(1,0), S1,0(1,0), and S11(u,0), ...... , SMN(u,0) were
computed using the genetic algorithm to obtain the surface topography shown in Figure 8c.
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Here, the scale is represented in mm for the x- and y-axes and in microns for the z-axis.
The Bezier surface accuracy was calculated via Equation (28). Here, z; ; is given by the
Bezier surface Sg,r(u; j, v; j) and h; ; is the surface retrieved through microlaser line scanning.
The result indicated a relative error of Er% = 0.617%. Then, the pattern of affine moment
invariants was computed from the Bezier surface shown in Figure 8c to recognize the
microsurface holes. For this purpose, the affine moment invariants were computed for each

surface region using Equations (1)-(10).
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Figure 8. (a) Plastic free-form surface to perform surface defect recognition (scale in mm in x-direction).
(b) Microlaser line projected onto the free-form surface. (¢) Microsurface generated by the Bezier
surface Equation (13). (d) Hole surface used to compute the pattern of affine moment invariants.

In this way, the central moments 4 for each region were computed by means of
Equations (11) and (12), where the surface depth is represented by f(x;;, y; ;) = z; ;. Thus,
the pattern of affine moment invariants was computed for the free-form surface. When the
window covered hole 1, as shown in Figure 8c, a discontinuity appeared in the y-axis of
the surface profile. This surface discontinuity was detected when the derivative of (y,x)/dy
changed signs in the y-axis. The surface of this hole is shown in Figure 8d, where the hole
length was 410 microns in the x-axis and the hole width was 480 microns in the y-axis. The
surface defect depth was determined by computing the difference between the minimum
and maximum depths of the surface defect, where the surface profile f(y,x) = z; ; was com-
puted via Equation (22) and the surface profile width y; ; was computed via Equation (23).
As expected, the maximum of the surface defect was obtained on the border of the surface
defect in the y-axis. The hole depth was 34 microns in the z-axis, and the bottom of this
hole presented surface irregularities. Thus, the pattern of affine moment invariants was
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computed, resulting in I; = 5.1340 x 107°, I, = —1.2086 x 10723, I3 =2.3292 x 10~ 15,
Iy = —9.8397 x 10720, Is = 1.5805 x 10710, [, = 2.8393 x 1071, I, = 7.0254 x 1077,
I3 =1.0185 x 10715, I =8.9124 x 10~%, and Iy = —3.2539 x 103!, This pattern describes a
decreasing function from I; to I4, following which the function increases until I;. Then, the
function tends to zero from Ig to I1g. In this case, the peak I; was greater than 4.7 x 10~°
and (I, I4) are negative; therefore, the region was recognized as a hole defect, particularly
as the surface bottom was greater at the borders than in the center of the x- and y-axes. In
the same way, a surface discontinuity appeared on the surface profile of hole 2, which is
marked with an arrow in Figure 8c. The hole length was 260 microns in the x-axis, the hole
width was 280 microns in the y-axis, and the hole bottom was 22 microns in the z-axis. Thus,
the pattern of affine moment invariants was computed, given as follows: I;=8.9378 x 107°,
I, = —1.3273 x 10722, I3 = 1.3318 x 107, I, = —7.3403 x 10719, Is = 4.7081 x 10719,
Is = 1.4533 x 1071, I; = 2.0972 x 1078, Ig = 5.2772 x 10712, Iy = 1.5830 x 10~%, and
Lo = —8.9553 x 1073V, In this case, the peak I; is greater than 4.7 x 107¢ and (I, 1) are
negative; therefore, the region is recognized as a hole defect. As the surface bottom was
greater at the borders than in the center of both the x- and y-axes, it was deduced that the
pattern of affine moment invariants corresponded to a hole surface defect. Additionally,
the pattern of affine invariant moments was computed for all the regions of the free-form
surface, but the patterns were different to those for hole and scratch defects.

The fourth microsurface defect recognition test was carried out for the metallic flat
surface shown in Figure 9a. The microlaser line was projected to retrieve the surface topog-
raphy, and the flat surface was scanned in the x-axis to allow for computation of the surface
depth z; ; and the surface width v;j via Equations (22) and (23), while the slider platform
provided the coordinate x; ;. Thus, 228 laser lines were processed to retrieve the flat surface.
The accuracy of this surface indicated a relative error of Er% = 0.795%, as computed via
Equation (28). Here, z;; is the surface measured via contact method, hl-,]- is the surface
contour computed via Equation (22), and n-m is the number of data. Then, Bezier surfaces
So,0(4,0), 51,0(u,0), 51,0(u,0), and Sq1(1,0),. . .... , Smn(u,0) were computed to obtain the sur-
face topography shown in Figure 10b. Here, the scale is indicated in mm in the x- and y-axes,
and in microns for the z-axis. According to Equation (28), the Bezier surface presented a
relative error of Er%= 0.601%. Then, the recognition of microscratches was performed by
computing the pattern of affine moment invariants for each region of the Bezier surface
shown in Figure 9b. This procedure was carried out by computing Equations (1)—-(10) for
each region of the flat surface. For this purpose, Equations (11) and (12) were computed
to obtain the central moments of each region. Then, Equations (1)-(10) were computed
to obtain the affine moment invariants on the flat surface, yielding I; = 4.0635 x 1076,
I = —2.3280 x 10, I3 = =1.5206 x 10~ "7, I = —3.3215 x 10~ %, I5 = 1.0203 x 1017,
Ig = 1.4636 x 10716, I, = 4.1340 x 10710, Iy = 5.1978 x 10716, Iy = 2.0020 x 10~3!, and
Lo = —4.7761 x 1073°. This result is similar to the pattern of affine moment invariants
for a flat surface, where the peak I; is smaller than 4.7 x 10~°. Then, the presence of a
discontinuity was detected by computing the derivative df(y,x)/dy in the y-axis, associated
with the point at which the derivative changes sign in the y-axis. In this way, the window
was moved to the location of the scratch marked with an arrow in Figure 9b. In this
way, the surface shown in Figure 9c was obtained. The scratch length was 440 microns
in the x-axis and its width was 202 microns in the y-axis. Furthermore, the surface defect
depth was determined by computing the difference between the minimum and maximum
depth values of the surface defect, where the surface profile f(y,x) = z; ; was computed via
Equation (22). The maximum of the surface defect was obtained on the border of the sur-
face defect in the y-axis, and the scratch depth was found to be 28 microns in the z-axis, with
the bottom presenting surface irregularities. Thus, the pattern of affine moment invariants
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was computed from the Bezier surface, and the resulting values were I = 1.5337 x 1072,
I, = —2.0332 x 10724, I3 = —4.6206 x 10715, I, = —1.3259 x 10720, [5 = 1.3140 x 1077,
Is = 5.7091 x 1071, I; = 2.8682 x 1078, Ig = 2.4603 x 10714, Iy = 8.4472 x 10~%°, and
Ip = 2.0184 x 10730, This pattern indicates a decreasing function from I; to I4, after which
the function increased until Iy. Then, the function tended to zero from Ig to I1g. In this
case, the peak I; was greater than 4.7 x 107, and the surface bottom was not greater at the
border than in the center of the x-axis. Therefore, the region was recognized as a scratch
defect. This criterion was elucidated by moving the window in the x-axis to compute
the pattern of the neighboring region. Thus, the pattern of affine moment invariants was
computed, yielding I; = 1.6157 x 107>, I = —1.0939 x 10724, I3 = —7.0285 x 10~1°,
Iy = —2.1275 x 10721, Is = 1.4549 x 10710, Iy = 6.6265 x 1071, I; = 3.1959 x 1078,
Is = 2.8683 x 10714, Iy = 1.9100 x 10~2°, and I;g = 3.2143 x 1073, This result is simi-
lar to that of the scratch marked by the arrow in Figure 9b. Here, the function decreases
from [ to I4, then increases until I, and finally tends to zero from Ig to Ip. In this case, the
peak Iy is greater than 4.7 x 10 and the surface bottom is not greater at the borders than
in the center of the x-axis. Therefore, the region is recognized as a scratch defect.
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Figure 9. (a) Microlaser line projected onto metallic flat surface to perform surface defect recognition.
(b) Surface generated by the Bezier surface Equation (13). (c) Scratch surface used to compute the
pattern of affine moment invariants.
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Figure 10. (a) Plastic free-form surface used to perform surface defect recognition (scale in mm in
x-direction). (b) Microlaser line projected onto the free-form surface. (c¢) Microsurface generated
using the Bezier surface Equation (13). (d) Scratch surface used to compute the pattern of affine
moment invariants.

The fifth microsurface defect recognition test was carried out on the plastic free-form
surface shown in Figure 10a. Here, the scale is represented in millimeters in the x-direction.
Additionally, the microlaser line projected onto the free-form surface is shown in Figure 10b.
Thus, the free-form surface was scanned in the x-axis to compute the surface depth z; ; and
the surface width y; ; via Equations (22) and (23), while the slider platform provided the
coordinate Xj - Thus, 310 laser lines were processed to retrieve the free form surface. The
contouring accuracy indicated a relative error of Er% = 0.826%, as computed via Equation
(28) in a similar manner as mentioned above. Then, Bezier surfaces Sy o(1,v), S1,0(1,0),
S1,0(u,0), and S11(u,0), .. .... , Sm,N(u,0) were computed to obtain the surface topography
shown in Figure 10c, where the scale is indicated in mm for the x- and y-axes and in microns
for the z-axis. The Bezier surface accuracy indicated a relative error of Er% = 0.641%, as
computed via Equation (28). Then, microsurface defect recognition was performed by
computing the pattern of affine moment invariants from each region of the Bezier surface
shown in Figure 10c. For this purpose, Equations (1)-(10) were computed for each region,
and Equations (11) and (12) were computed to obtain the central moments for each region.
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Then, a discontinuity was detected by computing the derivative df (y,x)/dy in the y-axis
due to the derivative changing signs in the y-axis. In this way, the window was moved to
cover scratch 1 (marked with an arrow in Figure 10c). In this case, the surface shown in
Figure 10d was obtained, where the scratch length was 610 microns in the x-axis and the
scratch width was 286 microns in the y-axis.

The surface defect depth was also determined by computing the difference be-
tween the minimum and maximum depths of the surface defect, where the surface pro-
file f(y,x) = z;; was computed via Equation (22). The maximum of the surface defect
was obtained on the border of the surface defect in the y-axis. Therefore, the depth
of scratch 1 was determined as 28 microns in the z-axis. Furthermore, the bottom of
the scratch presented surface irregularities. The pattern of affine moment invariants
was computed, and the result was as follows: I} = 1.4788 x 1072, I, = —1.6251 x 1072,
I3=—87892 x 10717, I, = —1.8519 x 10720, [5 = 1.2225 x 1077, Iy = 5.1200 x 10713,
I; = 2.6508 x 1078, Ig =2.2065 x 10714, [3 =2.5372 x 10728, and I;y = 1.1187 x 1030,
This pattern describes a decreasing function from I; to I, after which the function in-
creases until Iy. Then, the function tends to zero from Ig to I1g. In this case, the peak
I; is greater than 4.7 x 107°; therefore, this region was recognized as a scratch, partic-
ularly as the surface bottom was not greater at the borders than in the center of the
x-axis. This criterion was elucidated by obtaining the pattern of affine moment invari-
ants of the scratch 2 surface defect, resulting in I; = 5.4084 x 107°, I, = 1.5246 x 102,
I3=—1.2930 x 10715, I, = —4.0845 x 1072, Is = 1.8104 x 10719, I, = 3.4704 x 10719,
I; =4.9610 x 1072, Ig =1.2282 x 1071, [ =3.0332 x 1073, and Iy = —2.6570 x 1033,
In this case, the peak I; was greater than 4.7 x 107, and the surface bottom was not greater
at the borders than in the center of the x-axis. Additionally, the pattern of affine moment
invariants was computed for the hole, also marked with an arrow in Figure 10c. Here, the
hole length was 460 microns in the x-axis, the hole width was 534 microns in the y-axis, and
the hole depth was 46 microns in the z-axis. The hole’s bottom presented surface irregu-
larities. The pattern of affine moment invariants is computed, yielding I; = 1.1280 x 1075,
I, = —3.0274 x 10721, I3 = 1.0087 x 10713, I, = —3.3440 x 10718, Is = 6.5086 x 1010,
Ig = 2.2408 x 10715, I; = 1.0998 x 1078, Ig = 9.1200 x 10715, Iy = 4.1001 x 10~2°, and
I1p = —8.2710 x 10~%. This pattern describes a decreasing function from I; to I;, while
the function increases to Iy and then tends to zero from Ig to I1g. In this case, the peak I
is greater than 4.7 x 10°, while I4 is negative. Therefore, the region was recognized as a
hole defect, particularly as the surface bottom was greater at the borders than in the center
of both the x- and y-axes. In the same way, the pattern of affine invariant moments was
computed for all the regions of the free-form surface, but these differed from the hole and
scratch defect patterns.

The sixth microsurface defect recognition test was carried out for the metallic free-form
surface shown in Figure 11a, where the scale is indicated in millimeters in the x-axis. The mi-
crolaser line projected onto the metallic free form surface is also shown in Figure 11b. Thus,
the free-form surface was scanned in the x-axis to compute the surface depth z; ; and the sur-
face width y; ; via Equations (22) and (23), while the slider platform provided the coordinate
x; j- Thus, 224 laser lines were processed to retrieve the free-form surface. The contouring
accuracy presented a relative error of Er% = 0.884%, as computed via Equation (28). Then,
Bezier surfaces 5o o(1,0), S1,0(4,v), S1,0(u,0),and Sy 1(1,0), .. .... , Sm N (u,0) were computed
to obtain the surface topography shown in Figure 11c. Here, the scale is indicated in mm
for the x- and y-axes and in microns for the z-axis. The Bezier surface accuracy yielded a
relative error of Er% = 0.664%, which was computed via Equation (28). Then, microsurface
defect recognition was performed by computing the pattern of affine moment invariants
for each region of the Bezier surface shown in Figure 11c. In particular, Equations (1)-(10)
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were computed for each region, and Equations (11) and (12) were computed to obtain the
central moments for each region. Thus, the affine moment invariants were computed to
establish the pattern in each region. Then, a discontinuity was detected by computing
the derivative of (y,x)/dy in the y-axis, revealing the hole shown in Figure 11c, which cor-
responded to the location where the derivative changed signs in the y-axis. In this case,
the surface shown in Figure 11d was obtained. Here, the hole length was 472 microns
in the x-axis, the hole width was 400 microns in the y-axis, and the hole depth was 27
microns in the z-axis, with the hole’s bottom presenting surface irregularities. The pattern of
affine moment invariants is computed from the Bezier surface, yielding I; = 8.6825 x 107°,
I, = —5.7967 x 10724, I3 = 3.4759 x 1071, I, = —1.8328 x 107 '8, Is = 4.4638 x 10719,
Is = 1.3420 x 10715, I; =1.9741 x 1078, I = 4.8606 x 10715, Iy = 5.29607 x 10~%, and
Lo = —3.9497 x 10~%°. This pattern describes a decreasing function from I; to I4, after
which the function increases to I7. Then, the function tends to zero from Ig to I1g. In this
case, the peak I; was greater than 4.7 x 10~°. Therefore, the region is recognized as a hole
defect, particularly as the surface bottom was greater at the borders than in the center
of both the x- and y-axes. In the same way, the pattern of affine invariant moments was
computed for all the regions of the free-form surface, but these patterns differed from the
hole and scratch defect patterns.
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Figure 11. (a) Metallic free-form surface used to perform surface defect recognition (scale in mm in
x-direction). (b) Microlaser line projected onto the free-form surface. (c) Microsurface generated
using the Bezier surface Equation (13). (d) Hole surface used to compute the pattern of affine

moment invariants.

In the following, the contributions of the proposed microsurface defect recognition are
described based on its advantages over the existing hole and scratch detection methods
using optical-microscope-based systems. The advantages of the proposed visual testing
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method are described as follows. First, the patterns of affine moment invariants and
microlaser scanning provide high accuracy (with a maximum relative error of 0.721% in the
tests) to recognize microholes and scratches. The validation of this accuracy was performed
by computing the pattern of affine moment invariants from the surface profiles measured
using the contact method and microlaser line projection. The pattern recognition of holes
and scratches using the contact method is considered to be the most accurate procedure
to detect surface defects as this method utilizes the real surface profile. Therefore, the
pattern of affine moment invariants via microlaser line projection was compared with
respect to that obtained via the contact method to obtain the accuracy. In this way, the
accuracy of patterns of affine moment invariants was computed as the relative error by
means of Equation (28), where z; ; denotes the affine moment invariants computed from
the surface measured via contact method, ; ; is the affine moment invariants computed via
the microlaser line Equation (22), and n-m is the number of data. In particular, z; j and h; ;
are substituted by (I, I, I3, 14, I5, Ig, I7, I3, I9, I10) by employing the sub-index zij=1 for
j = 0. In this way, the accuracy provided by the microscope vision system and the affine
moment invariants was found to be less than 2%, which is the level typically provided
by traditional defect detection methods. However, it should be noted that, for traditional
defect detection methods, the accuracy is computed as (TP + TN) /(TP + FP +TN + FN) by
means of the expressions for precision = TP/(TP + FP) and recall = TP/(TN + EN) [35].
Here, TP denotes true positives, FP denotes false positives, TN denotes true negatives, and
FN denotes false negatives. Overall, the accuracy obtained when using the pattern of affine
moment invariants provided an advantage over traditional optical-microscope-system-
based methods due to the obtained relative error being lower than 2%. Second, the use of
affine moment invariants and microlaser line contouring provides good robustness in terms
of the characterization of microholes and scratches. In this regard, a hole surface defect
contoured using a microlaser line provides the same pattern of affine moment invariants.
This allowed us to consistently recognize hole surface defects in each test. In the same way,
scratch surface defects contoured via microlaser line always provide the same pattern of
affine moment invariants. Thus, scratch surface defects can also be consistently recognized.
In addition, flat and cylindrical surfaces contoured via microlaser lines produced the
same respective patterns of affine moment invariants in each test. Third, microlaser line
contouring provides the real topography of microsurfaces as the microlaser line reflects
the real surface contour onto the camera’s image plane. In contrast, traditional optical
microscope systems do not retrieve a surface contour to perform surface defect recognition.
Based on these statements, the recognition of microholes and scratches has been achieved
in a generally superior manner. A further discussion of the contributions of the proposed
microsurface defect recognition approach is provided in Section 4.

4. Discussion

The viability of a microsurface defect recognition approach is determined by means
of its recognition accuracy [35], so the capability of the proposed method to effectively
recognize microholes and scratches was deduced through calculation of the recognition
accuracy [36,37]. In this way, the contribution of the proposed microsurface defect recogni-
tion approach was established, indicating the high accuracy of hole and scratch recognition.
In particular, the accuracy of the microsurface defect recognition approach was determined
through a comparison with defect recognition based on a contact method [38,39]. Further-
more, the effectiveness of recognition indicated the viability of the method. Regarding
the proposed microsurface defect recognition approach using patterns of affine moment
invariants, the recognition accuracy and the efficiency indicated that it yields good results.
For instance, the proposed approach for microsurface defect recognition via affine moment
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invariants and microlaser line contouring consistently recognizes hole defects; this is be-
cause hole defects always produce the same pattern of affine moment invariants. This
pattern is described as a decreasing function from I; to I4, then increasing to Iy and tending
to zero from Ig to 9. Here, the peak I; is greater than 4.7 x 107, and the surface depth is
greater at the borders than in the center of both the x- and y-axes. A region satisfying these
conditions can be effectively recognized as a hole defect. In the same way, the microsurface
defect recognition approach consistently recognizes scratch defects as scratches always
produce the same pattern of affine moment invariants. In particular, this pattern presents a
decreasing function from I; to I4 and then increases to I and tends to zero from Ig to I1.
Furthermore, the peak I is greater than 4.7 x 10~°, and the surface bottom is not greater
at the borders than in the center in the x-axis. A region satisfying these conditions can be
effectively recognized as a scratch defect. To elucidate the viability of the proposed surface
defect recognition approach, the accuracies of traditional methods for the detection of hole
and scratch defects are mentioned in the following. The accuracy of surface defect recogni-
tion is related to the surface contouring, which is not included in traditional surface defect
recognition methods. Typically, the recognition of holes and scratches is performed with a
relative error exceeding 3.8% when using traditional optical microscope systems [40,41]. In
these approaches, the surface data of holes and scratches are deduced through gray-level
microscope images. Therefore, surface defect recognition is not performed utilizing the
surface contour. This lack of microsurface contouring leads to reduced surface defect recog-
nition accuracy. The traditional optical-microscope-based techniques may also characterize
the surface defect patterns through the use of image intensity data [42,43]. However, the
image intensity does not reproduce the real surface contours. Therefore, traditional optical
microscope imaging systems do not characterize the forms of microsurface defect patterns
accurately. In contrast, the microlaser line reflects the accurate form of the surface contour
on the image plane through the microscope. This surface contouring leads to consistent
patterns of affine moment invariants being provided for holes and scratches. This statement
is elucidated by means of the hole and scratch surface defect recognition results provided
in Section 3, where the accuracy of surface defect recognition was within a relative error
of 0.721%. This indicates a certain degree of enhancement over traditional microscope
imaging systems. To elucidate this improvement, the accuracy of the traditional optical
microscope imaging systems is discussed in the following. A deep learning approach
performing hole surface defect detection via image intensity obtained a relative error over
3%. Furthermore, surface scratch defect detection was carried out through a computer
vision approach based on intensity descriptors, with a relative error over 3% [44]. Moreover,
surface scratch defect detection was carried out using a deep learning approach, also with
a relative error over 3% [45]. In the same way, a deep learning model performing hole and
scratch detection yielded a relative error exceeding 3% [46]. Based on these results, it can
be established that the proposed surface defect recognition approach utilizing the pattern
of affine moment invariants and microlaser contouring presents superior accuracy when
compared to traditional surface defect detection systems. To elucidate this statement, the
accuracy values of the traditional visual testing methods for detecting holes and scratches
were compared with respect to the proposed recognition approach. For this purpose, the ac-
curacy and performance of traditional defect detection methods were computed according
to the expression accuracy = (TP + TN)/(TP + FP + TN + FN). In this way, the accuracies
of the visual testing methods were obtained, as presented in Table 3. Here, the visual
testing methods are listed in the first column, the algorithmic structure of each method is
mentioned in the second column, the tested surface is depicted in the third column, the
defect shape is mentioned in the fourth column, and the error (in terms of percentage)
is provided in the fifth column. In particular, a machine vision approach based on edge
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detection to detect holes and scratches on cylindrical surfaces obtained an error of 5% [47].

A machine vision approach based on segmentation detected holes and scratches on flat
surfaces with an error of 3% [48]. A machine vision approach based on regularization
detected holes and scratches on flat surfaces with an error of 5% [49]. A machine vision
approach based on the Fourier transform detected holes and scratches on flat surfaces with
an error of 6% [50]. A statistics-based approach using the local binary pattern detected
holes and scratches on flat surfaces with an error of 3% [51]. A statistics-based method
using a Gaussian function detected holes and scratches on cylindrical surfaces with an
error of 2% [52]. A machine learning approach based on neural networks detected holes
and scratches on flat surfaces with an error of 9% [53]. A machine learning approach based
on convolutional neural networks detected holes and scratches on cylindrical surfaces
with an error of 5% [54]. A machine learning approach based on self-supervised learning
detected holes and scratches on flat surfaces with an error of 2.1% [55]. A deep learning
approach based on multi-scale and channel-compressed mechanisms detected holes and
scratches with an error of 5% [56]. A deep learning approach based on convolutional
neural networks detected holes and scratches with an error of 2% [57]. A deep learning
approach based on residual neural networks detected holes and scratches with an error of
3.3% [57]. A deep learning and machine vision approach based on convolutional neural
networks detected holes and scratches with an error of 3.3% [58,59]. Additionally, the time
consumption for training the convolutional neural network was over 450 s. Therefore, hole
and scratch detection via deep learning takes over 450 s. While the times consumed by the
statistics, machine vision, and machine learning approaches are generally much less than
450 s, their error is increased. In comparison, the proposed hole and scratch recognition
method consistently obtained an error smaller than 2%, while its time consumption is
moderately lower than that of traditional visual testing methods.

Table 3. Accuracy of existing visual testing methods in comparison with the proposed method.

Visual Testing . Recognition

Method Algorithm Structure Tested Surface Defect Shape Error (%)

Machine vision Edge detection Cylindrical surface Holes and scratches 5%

Machine vision Segmentatlor} a.nd Flat surface Holes and scratches 3%
template statistics

Machine vision Model-based Regularization Flat surface Holes and scratches 5%

Machine vision Fourier Transform Flat surface Holes and scratches 6%

Statistical Local binary pattern Flat surface Holes and scratches 3%

Statistical Segmgntatlon via Cylindrical surface Holes and scratches 2%
Gaussian Function

Machine learning BP neural network Flat surface Holes and scratches 9%

Machine learning Convolutional neural networks  Cylindrical surface Holes and scratches 5%

Machine learning Self—superv1sed le'zarnmg and Flat surface Holes and scratches  2.1%
image segmentation

Deep Learning Multi-scale and Flat surface Holes and scratches 5%
channel-compressed features

Deep Learning Convolutional neural networks  Flat surface Holes and scratches 2%

Deep Learning Residual neural networks Flat surface Holes and scratches  3.3%

Deep .Learpl'ng and Convolutional neural networks  Flat surface Holes and scratches 3%

machine vision

Deep .Learfulng and Convolutional neural networks  Cylindrical surface Holes and scratches 4%

machine vision

Proposed method Affine moment invariants and Flat, cylindrical, and Holes and scratches  0.721%

microlaser line projection

free-form surfaces
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Additionally, the effectiveness of the proposed surface defect recognition was deter-
mined via the structured procedure, which allows for the recognition of surface defects.
For instance, microlaser line contouring allows the surface topography to be retrieved
with great accuracy. Furthermore, the Bezier surface Equation (13) provides all the surface
points necessary to compute the pattern of affine moment invariants. Therefore, the pattern
of affine moment invariants yields the same characteristic patterns for holes and scratches,
respectively. In the same way, the method produces the same characteristic patterns for
flat and cylindrical surfaces. Therefore, the pattern-based characterization is computed
by means of efficient procedures that facilitate robust surface defect recognition. These
statements were validated through the trials focused on microhole and scratch recognition
on various surfaces, as presented in Section 3. The improvements provided by the proposed
approach were further deduced based on a comparison with deep learning methods, which
are commonly used to detect holes and scratches at present. A deep learning model has
been implemented using a convolutional neural network and a large data set of images
related to surface defects [60]. The deep learning approach involves performing training
utilizing several hundred images or more [61] that do not necessarily provide the same
pattern. This is because the characteristic patterns are computed from image intensity
data, which can vary according to the surface’s reflectance, light source, and viewer an-
gle. Therefore, surface defect recognition via patterns of affine moment invariants and
microlaser line contouring provides a more suitable, robust, and effective structure when
compared to those methods based on characterization via image intensity. This statement
was validated by means of the steps of the proposed method, where the capability of
the proposed approach to enable microsurface defect recognition using the pattern of
affine moment invariants and microlaser line contouring was proven. Furthermore, the
simple optical-microscope-based arrangement provides an inexpensive system, making
the proposed microsurface defect recognition approach more suitable. Thus, the proposed
surface defect recognition approach can be considered as a novel contribution in the field
of microhole and scratch surface defect recognition.

The microscope vision system was used to inspect a surface area of 3 cm in the y-axis
and 60 cm in the x-axis in a single movement as a slider is used to move the microscope
vision system a distance of 60 cm in the x-axis while observing a 3 cm region in the y-axis.
To inspect surfaces greater than 3 cm in the y-axis, the slider platform must also move
the microscope in the y-axis. In this way, the dimensions of the slider platform should be
adjusted according to the surface area to be inspected in the x- and y-axes. Additionally, an
important condition of the system is to capture the microlaser line using the microscope
system as the microlaser line allows the surface profile to be determined. Therefore, it may
be necessary to adjust the microscope parameters to focus on the microlaser line.

The microsurface defect recognition approach was implemented on a computer at
2.4 GHz of velocity. Regarding this computer, 64 images are captured per second through
the CCD camera. The computer moves the slider platform by means of a computer program.
Thus, the contouring of a transverse section is computed in 0.0049 s through the processing
of one laser line image. The overall time for surface defect recognition includes surface
contouring via laser line scanning, Bezier surface representation, and the calculation of
the pattern of fine moment invariants for each region. In particular, hole surface defect
recognition on the flat metallic surface was performed in 102.43 s, hole and scratch surface
defect recognition on the cylindrical surface was performed in 176.26 s, hole recognition
on the free-form surface was performed in 192.65 s, scratch recognition on the flat surface
shown in Figure 9b was performed in 189.88 s, hole and scratch recognition on the free-
form surface shown in Figure 10c was performed in 207.12 s, and hole recognition on the
free-form surface shown in Figure 11c was performed in 186.53 s.
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5. Conclusions

A technique to perform hole and scratch surface defect recognition using the pattern
of affine moment invariants and microlaser line contouring was presented. The surface
defect recognition results computed using the proposed approach demonstrated improved
accuracy when compared to traditional optical microscope imaging systems. The capability
of the microsurface defect recognition approach was validated in terms of the recognition
accuracy of surface defects and its effectiveness in terms of characterizing hole and scratch
surface patterns. Overall, the joint use of the pattern of affine moment invariants and
microlaser line contouring improved the accuracy of surface defect recognition, leading
to a relative error of 0.721%. This high accuracy was obtained as the computational
process for microhole and scratch surface defect recognition involves the real surface
contour. Furthermore, the developed structure enables more efficient and robust pattern
characterization than traditional microscope imaging systems. Thus, the proposed surface
defect recognition approach can be considered a good tool for the recognition of hole
and scratch defects on flat and cylindrical surfaces. Moreover, the simple microscope
system used increases the capability to perform microsurface defect recognition. Thus, the
proposed microhole and scratch surface defect recognition approach based on patterns
of affine moment invariants and microlaser line contouring can be considered a highly
effective and novel contribution to relevant fields.
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