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Preface

Across all the efforts in this Special Issue, a recurring theme is evident, namely that laser
processing is not a stand-alone technique but rather a platform that integrates process physics,
material science, computational modeling, and application-specific design. The advancements
presented in this Special Issue affirm the capacity to precisely shape the structural, mechanical,
and chemical profile of alloy surfaces, whether for durability, biocompatibility, or energy-efficient
performance. As the editor of this Special Issue, I extend sincere thanks to the authors for their
excellent contributions and to the reviewers for their careful and constructive evaluations. This wide
range of studies shows how laser-based surface treatment is gaining global interest and becoming

more critical in developing the materials of the future.

Avik Samanta
Guest Editor
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Laser-based material processing methods have emerged as an innovative approach in
advanced manufacturing, enabling significant control over microstructural evolution and
surface functionality in metallic systems. Modern industrial sectors, such as the aerospace,
automotive, biomedical, energy, and marine sectors, require materials that possess su-
perior bulk properties and exhibit engineered surface characteristics tailored to specific
performance criteria, such as wear resistance, corrosion protection, thermal stability, or bio-
compatibility. This Special Issue brings together a diverse and comprehensive selection of
recent advancements that reflect the potential of laser technologies across different classes
of alloys, coating strategies, and hybrid processing techniques. A total of fifteen articles
featured in this Special Issue collectively showcase the strategic deployment of laser in
a variety of contexts: laser cladding, laser welding, laser surface texturing, laser milling,
and hybrid treatments incorporating ultrasonic vibrations, magnetic fields, or micro-arc
oxidation. A key unifying theme across these contributions is the emphasis on process—
structure—property relationships, and how specific processing parameters (e.g., laser power,
scan strategy, pulse duration, or beam oscillation) directly influence solidification dynamics,
microstructural morphology, and, ultimately, mechanical or tribological behavior.

Laser cladding, in particular, remains a focal point of interest due to its capabilities in
repairing high-value components and fabricating wear- and corrosion-resistant coatings.
The research contributions demonstrate the microstructure modification and mechanical
property enhancement of alloy systems, such as ceramic phase-reinforced high-entropy
alloy [1], high-hardness Fe-based alloy coatings [2], and Inconel superalloys [3]. The in-
troduction of hard ceramic phases during cladding has shown considerable promise in
improving hardness, toughness, and service life under extreme conditions [1]. Incorporat-
ing alloying elements (B, Si, Mo, Nb, V, Mn, Cr) can introduce dislocation strengthening,
grain refinement strengthening, and solid solution strengthening in Fe alloys, resulting
in enhanced hardness [2]. The addition of ceramic and rare-earth oxide particles, and
the in-situ synthesis of ceramic particles, can also enhance hardness and mitigate crack
formation. Steady-state magnetic fields applied during laser cladding of Inconel 625 can
stabilize the crystal structure and refine the grains [3]. The introduction of a low-intensity
magnetic field significantly improves the uniformity, surface hardness, tribological perfor-
mance, and corrosion resistance of the clad layer. Assistance from several other physical
fields, such as ultrasonics and thermals, can control porosity and crack formation within
the clad layer [2]. Complementing the experimental works, a simulation-driven study
explores the solidification dynamics in 316L stainless steel during laser cladding [4]. The
melt pool characteristics were simulated by numerical calculation, and the phase field
model predicted dendrite formation. This work elucidates the formation of dendritic
morphologies and highlights the dominant influence of convective flow within the melt
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pool, pointing to the importance of precise control over processing parameters in achiev-
ing desirable microstructural outcomes. Numerical simulations revealed that ultrasonic
acoustic streaming significantly influences dendritic structure formation during the laser
cladding process [5]. This multi-scale simulation highlights how ultrasound-assisted flow
fields influence dendrite tilt, solute redistribution, and solidification uniformity, leading to
defect suppression and structural refinement.

Several studies examine the interplay between laser parameters, scanning strategies,
and alloy compositions in shaping the mechanical response of treated surfaces using
selective laser melting (SLM) [6,7] and laser material deposition (LMD) [8]. Different
laser scanning strategies for SLM-printed K438 superalloys affect crack suppression and
mechanical strength [6]. Experimental results demonstrate that strategic scanning paths
and post-heat treatment protocols can markedly improve tensile strength and minimize
residual stresses, factors vital for high-temperature aerospace applications. The wear
performance and morphology of SLM-printed AlSi10Mg can be significantly influenced
by exposure to different flames, such as carburizing, oxidizing, and neutral [7]. A broader
perspective of macroscopic and microstructural behavior is explained for laser material
deposition for thin-wall structures. It emphasizes how process parameters like z-increment
and deposition height affect grain growth directionality, hardness profiles, and residual
stress distribution, factors crucial to the stability of additively manufactured metallic
structures [8]. A key highlight of the issue is the application of advanced simulation tools to
gain mechanistic insights into microstructural evolution during laser—material interaction.
A phase-field model is developed to simulate dendrite remelting under thermal loads,
which provides fundamental insight into how temperature-induced remelting sequences
govern solid-liquid interface dynamics [9]. This study highlights how lateral dendrites
remelt ahead of primary arms, and how remelting evolves in multiple stages, particularly
under inhomogeneous heating, an important factor in layered manufacturing and laser
repair operations.

Laser hybrid processes also feature prominently in this issue. The impact of hybrid
laser-arc welding on the microstructure and toughness of TC4 titanium alloy joints is
discussed in the context of the integration of mechanical enhancements with structural in-
tegrity, noting improved impact resistance due to acicular martensite refinement and grain
boundary modifications [10]. Their multi-layer, multi-pass welding approach highlights the
trade-offs between porosity control, grain refinement, and crack resistance, key concerns for
components exposed to cyclic mechanical and thermal loads. The pattern of laser scanning
plays a crucial role in shaping the weld pool dynamics, refining the microstructure, and
enhancing the mechanical behavior of AA2060 Al-Li alloy joints during oscillating laser
beam welding [11].

Improving surface adhesion and corrosion resistance is also addressed through com-
bined laser texturing and ceramic coating by micro-arc oxidation for aluminum alloy [12].
The hybrid laser surface treatment led to a 58% enhancement in adhesive joint strength and
shifted the failure mode to cohesive fracture. Laser ablation, performed in a liquid-phase
environment, was found to systematically modify the surface morphology of YG8 cemented
carbide, with pit shape and taper evolving consistently with increasing ablation cycles [13].
This study shows that the number of ablation cycles governs the transition from convex to
cratered morphologies, offering precise control over texture formation for tribo-functional
coatings. Another promising direction shown in this issue is the use of laser-induced
surface modification to improve tribological performance. The effect of nanosecond-pulsed
laser milling on Al,O3 ceramics is explored, revealing a strong dependence of surface
roughness and milling depth on laser power and scanning frequency [14]. These find-
ings open avenues for tailoring ceramic surfaces for wear-critical applications. Lastly, an
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improved Archard wear model is developed, incorporating frictional heating effects [15].
The model achieved improved wear prediction accuracy across multiple metallic systems,
including stainless steel, aluminum alloys, and titanium. The model better captured wear
dynamics under varying loads and sliding velocities, contributing to a better predictive
tool for tribological analysis.

This Special Issue showcases a vibrant landscape of research at the intersection of laser—
material interaction, alloy design, and mechanical performance. These studies collectively
highlight how precise control of laser parameters, supported by robust modeling and
experimental validation, can dramatically enhance the functionality of metallic systems
across aerospace, automotive, biomedical, and energy sectors.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Owing to the versatility without expanding the machine’s size, thin-wall has been widely
used in high-value parts. The investigation of laser additive manufacturing (LAM), which has
advantages such as high powder density, easy controllability, and excellent stability, on the fabrication
of thin-wall has drawn much attention. In this paper, the research status of macroscopic and
microstructural features of metal thin-wall fabricated by LAM has been reviewed. The deposition
quality was mainly focused on the effect of process parameters and especially the matching of
z-increment and single deposition height. Based on the grain size and growth of columnar, the
characteristics of microstructures were analyzed. Considering the structural feature of thin-wall,
the effect of grain size and phases on the hardness and distribution of hardness were discussed.
The effect of grain size, phases and loading direction on the tensile properties were reviewed. The
distribution and modification of thermal stress were presented.

Keywords: thin-wall; laser material deposition; deposition quality; microstructure; microhardness;
tensile properties; thermal stress

1. Introduction

Thin-wall, which always possesses small thickness and complex structure, can allow
machine to have more functions without expanding the machine’s size and to assemble
small machines [1,2]. So, it is widely used in high-value parts, such as aircraft engine
cowling, space airborne equipment, key auto components and so forth [3,4]. The thin-wall
parts can be made by the conventional processes, such as casting, welding, assembling
and so on, in which the disadvantages such as long process cycle, cumbersome, low
material utilization, and low bonding strength. Owing to the incremental layer-by-layer
manufacturing by adding material, laser additive manufacturing (LAM), which has many
advantages such as high powder density, easy controllability, and excellent stability, can
cover the mentioned above disadvantages in fabrication of thin-wall by conventional
processes and directly create the final mental thin-wall parts [5-10].

LAM mainly includes powder bed fusion (PBF) mode, such as selective laser melt-
ing/selective laser sintering [11-13], and direct laser deposition (DLD) mode, such as laser
material deposition (LMD) [14-16]. In PBF process, the powder is preset in powder bed
and fed by the scraper layer-by-layer. Due to the existing of powder bed, the fabricated part
is surrounded and supported by the un-melted powder during the fabricating process. In
addition, the used workbench and powder in PBF are smaller than that of in DLD process.
Therefore, the PBF process is suitable for the fabrication of part with small size and complex
structure [17,18]. However, in the LMD process, the powder is delivered by inert gas such
as argon gas into the molten pool that contributes to the improvement of controllability of
fabrication process [19]. Due to the bigger power particle size and diameters of laser spot,
the parts created by LMD usually possesses larger thickness and surface roughness that
can be improved by the post-treatment process such as milling [20-22]. Thus, the LMD
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process is more suitable for the fabrication of parts with bigger size. In particular, the LMD
has incomparable advantages in fabrication of functionally graded material, repairing of
high value-add component with big size and cladding the enhancement coating on the
substrate [3,23,24]. Therefore, the LMD process has a promising application prospect in
the fabrication and repairing of thin-wall parts in the areas of aerospace, aviation, die and
mold, etc. [25]. In LMD process, laser beam acts as the heating source to create a molten
pool on the substrate and the powder, which is delivered by the flowing inert gas, is
injected into the molten pool simultaneously. The delivered powder would be captured by
the molten pool and melt. After the laser beam goes away, the molten pool solidifies and
increases the volume. Based on the scanning path designed by the computer, the laser beam
and powder feed nozzle move above the substrate and create the first expected clad layer.
Then, the laser cladding head moves up z-increment to the new position for the preparing
of deposition of second layer. Based on the first layer, the new layer can be deposited
through creating metallurgical bonding with the first layer along the scanning path. Similar
process, in which the latter layers are sequentially created on the former layer, repeats again
and again that makes the three-dimensional (3D) part to be built layer-by-layer [26-30].

The LMD process of thin-wall, in which single-track and multi-layers are deposited,
is unfavorable for the heat conduction that results in the heat accumulation [31]. The
thickness of thin-wall is closely related to the width of the single deposited layer, which is
significantly affected to the diameter of laser spot, laser power, powder feed rate, scanning
speed and so on. Owing to the small thickness and heat accumulation, the thin-wall
created by LMD is easy to deform if the fabrication process cannot be precisely controlled.
Therefore, based on the different structure feature of targeted thin-wall, the optimization
of LMD process of thin-wall should be conducted to modify the heat history during the
fabrication process and then obtain a high-quality thin-wall with superior mechanical
properties. The capability and challenges of LMD on fabrication and repairing of thin-
wall parts has drawn researchers’ much attention. Therefore, based on the simulation
of temperature field, law of energy conservation, law of mass conservation, and process
experiments, some investigation about the effect of fabrication process on the surface
quality, microstructures, microhardness, tensile properties, and residual stress have been
conducted. The deposited material refers to Fe-based alloy, Ni-based alloy, titanium and so
on. Table 1 provides a summary of some common materials that have been investigated
for the fabrication and repairing of thin-wall by LMD. In addition, the used parameters
including laser power, powder feed rate, scanning speed, and z-increment, which are the
most influential factors for the deposition of LMD, also are presented in Table 1. This article
provides an overview of the macroscopic and microstructural features of metal thin-wall
deposited by LMD.

Table 1. Summary of materials used in metal thin-wall by laser material deposition.

Powder Z-Increment Laser Power Scanning Speed Powder Feed Rate

Substrate (Particle Size) (mm) (W) (mm/s) (g/s) Ref.
316L, 410, 250, 300, 350, 1~14,55, 6, 0.13,0.194,
304L, 313 0.05-03 800, 1000, 1600 83,13 0.04,0.078 [2,26,32-45]
steel C1045,
204454 steel, Fe-16Al 0.25 - 9 02 [46]
304, 304L fe'basec)l (wt%)
S 15~150
316L, 24# steel, 0.012, 0.58,
42CrMo4 Pure iron B 220, 250, 300 25~35 0.77 [1,47]
steel M4
Fe 05 steel - 260, 440, 500 55,83 0.1 [48,49]
E}ZS'A - 800, 2500 33,5 0‘0607'1 (1)'7083' [50,51]
45# steel, Ni-based 1 :
316L,Q235  (45-106) 1IN 718, 175~275, 650, 0.033, 0.198,
ING25 03 1000 6~10 0.333 [52-54]
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Table 1. Cont.

Substrate Powder Z-Increment Laser Power Scanning Speed Powder Feed Rate Ref
(Particle Size) (mm) (W) (mm/s) (g/s) :
v-TiAl, Ti-based v-TiAl - 200, 250, 300 8,10,12 0.048~0.733 [55]
Ti-6Al-4V (45~150)  Ti-6Al-4V - 800, 1000 5 0.033~0.135 [56,57]
316L - CrCoNi 0.4 800 9.5 0.228 [58]
EN - Al-Mg-Mn - 500, 550, 600 9.167 - (59]
AW-5083 8 700 '

2. Surface Quality and Dimension Precision

Owing to the existing of multitudinous parameters during the LMD process, the
successfully optimization of parameters is different to accomplish. The interactional re-
lationships between the input parameters, such as laser power, scanning speed, powder
feed rate, defocusing, and z-increment, as well as the deposition results, such as size,
precision, and shape of deposited parts still lack for a comprehensive experimental and
theoretical outstanding [60,61]. In particular, the laser power, scanning speed, and powder
feed rate were regarded as the three-main parameters to affecting the LMD process. Lu
indicated that increasing the laser power without over-burning could reduce the adhesion
of powder, surface waviness, surface roughness, and then improve the surface quality. It
can be explained by the increase of temperature of the molten pool, which was beneficial to
increase the flow rate of the molten pool and melt the powder. Moreover, the increased
of laser power contributed to the remelting of the former layer and reduced the surface
waviness. In addition, the increase of scanning speed and decrease of powder feed rate
contributed to the declination of surface waviness and surface roughness because the small
deposition thickness and contact angle could be obtained [45].

In the deposition process of thin-wall, which possesses the features of single-track
and multi-layers, the effect of geometrical feature of the former layer on the deposition
of latter layer is easier to show up than the deposition of multi-track. The unsuitable
parameters would result in corrugated surface and even shutoff of thin-wall deposition
process [62]. Finally, the fact, that whether the parameter is suitable or not, can be reflected
by the matching relation between the single deposition height and z-increment of laser
cladding head. In the ideal case, the z-increment should be equal to the single deposition
height to assure the constant defocusing and single deposition height. However, owing the
existing the fluctuation and instantaneous defects, the matching relation cannot be ideally
assured that has been proved extremely detrimental to the surface quality and precision of
thin-wall parts [63,64]. The effect of matching of z-increment and single deposition height
on the fabrication of thin-wall is analyzed in the follow section.

2.1. Matching of Z-Increment and Single Deposition Height

In addition to the laser power, powder feed rate, and scanning speed, the z-increment
is also an important parameter for the deposition of thin-wall parts, and it has significant
influence on the surface roughness, dimension precision, and surface oxidation that was
proved by researchers [32,65]. With the different z-increment, the thin-wall presents various
contours during another parameter is same. The contours of thin-wall are mainly related
to the matching relationship between the z-increment and single deposition height.

As shown in Figure 1a, both the powder convergence point and laser focus point
overlap. During the focus points exactly are seated on the deposition surface, the powder
utilization, the power density, and the deposition efficiency are biggest. During the focus
points are below or above the deposition surface, the decrease of powder utilization and
power density result in the reduction of deposition height. As shown in Figure 1b, during
the z-increment is smaller than the single deposition height, at the beginning of deposition
process, the thin-wall is deposited rapidly with a single deposition height, which is bigger
than the z-increment, because the sufficient powder can be captured by the molten pool.
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However, the deposited surface, in which the molten pool exists, would shift to the position
which is above the focus points of laser and powder. The minus defocusing appeared in
the subsequent deposition process. Owing to the passive defocusing, powder captured
by the molten pool decreases that leads to the reduction of the deposition height of latter
layer. With the reduction of single deposition height, the minus defocusing, f;, decreases in
the deposition process of latter layer that contributes to the increase of single deposition
height. Similar process repeated during the deposition process. Thus, so-called self-
regulation-effect presents. During the z-increment is smaller than the single deposition
height, the self-regulation-effect can ensure the molten pool to capture sufficient powder
and create a deposition layer. However, during the z-increment is extremely smaller than
the single deposition height, the minus defocus is big that results in the significantly
decreased powder utilization and depositing efficiency. As shown in Figure 1c, during the
z-increment is bigger than the single deposition height, the positive defocusing, f,, presents
that results in the decrease of captured powder by molten pool and then the deposition
height. The decreased deposition height leads to the increase of positive defocusing that
makes the further decrease of deposition height. Similar interactional effect repeats that
would result in gradually increase of positive defocusing, insufficient powder captured
by molten pool and failure in deposition of thin-wall finally. As reported in the research
work by Bi et al., in which the 316L thin-wall parts were fabricated with 120 layers and
different z-increment, the height of fabricated thin-wall with the z-increment of 0.05 mm
was obvious lower than that by z-increment of 0.15 mm which was much closer to the
single deposition height. However, the surface of deposited thin-wall still showed flat
and smooth as shown in Figure 2a. During the z-increment was 0.25 mm, the surface
of deposited thin-wall showed strong fluctuation and pool surface quality as shown in
Figure 2b [32].

Laser Beam

(a)

(b) Passive defocusing

Region of positiv
defocusing

Deposition Material

Figure 1. Schematic diagram of (a) relative position between the deposition surface and laser focus

point, (b) passive defocusing, and (c) positive defocusing.

However, during the laser focus point and powder convergence point present nonco-
incidence, the condition would change. For example, Zhu et al. fabricated 316L thin-wall
parts used LMD and investigated the relative position between the laser focus point,
powder convergence point, and substrate. Table 2 shows the maximum values of 316L thin-
walled parts’ top surface unevenness measured with different laser and powder defocusing
distances. The results shown that the maximum surface unevenness was 0.325 mm and
0.702 mm during the powder defocusing distance was —1 mm and laser focus distance was
—3 mm, respectively. The fact indicated that a high surface quality was obtained during the
powder converged below the substrate and laser focused above the substrate. In addition,
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compared to the influence of laser focus position, the variation of distance between the pow-
der convergence point and substrate played a leading role in the influence on the surface
quality. Finally, with the powder and laser defocusing distance of —1 and +3 mm, respec-
tively, a thin-walled blade sample with the maximum surface unevenness of 0.242 mm
were deposited. The high quality surface of thin-walled sample indicated the compensated
mechanism by the self-regulation effect [33].

Figure 2. The 316L thin-wall fabricated by LMD with z-increment of (a) 0.15 mm and (b) 0.25 mm
(Reprinted from ref. [32], copyright (2006), with permission from Elsevier).

Table 2. Maximum values of 316L thin-walled parts’ top surface unevenness measured with different
laser defocusing distances (D;) and powder defocusing distances (D) [33].

Dp (mm) D; (mm) Total Layer Numbers  Surface Unevenness (mm)

-1 + 0.325

0 (Above the 1.098

1 substrate 2.886

) 90

+ -3 2.403
(Above the 0 1.098
substrate) 3 0.702

2.2. Thin-Wall with Complex Structures

In addition to the rectangular thin-wall which was common in most studies, the thin-
wall parts with more complex structures were also investigated. As shown in Figure 3a,
Zhang optimized the process parameters of 316L deposition by LMD and fabricated
the complex polygon, rotary blade, and acronymic emblem thin-wall [14]. Aiming at
the circumferentially inclined thin-walled cylinders, Sun et al. obtained the relationship
between inclination angle and circumferential offset by developing the model. They also
pointed out that the 316L inclined thin-wall can be fabricated with high quality during the
z-increment is 0.224 mm, the offset angle is 0.75° and the inclination angle is 25.95° [35].
Li proposed a method of fractal stratification and fabricated flat-top 316L thin-wall on a
special-shaped substrate as shown in Figure 3b. Based on the segmented variable speed
and segmented deposited height, the flat-top thin-wall parts with the size error of 8% were
created. Based on the relationship between z-increment and deposition height as well as
the self-regulation effect [66]. Wang et al. proposed three-dimensional deposition way, in
which the z-increment was different at the different point in single deposition layer, and
analyzed the effect of parallel and three-dimensional deposition way on the mechanical
properties [26]. Carrol et al. deposited Ti-6Al-4V cruciform thin-wall to investigate the
anisotropic tensile behavior [67]. Tian et al. fabricated 316L hollow thin-walled cylinder
with high forming quality and shape accuracy by using the optimized z-increment of
0.224 mm [38]. In order to solving the problem of variable width forming, Zhang et al.
proposed a variable width method and obtained the Inconel 718 thin-wall with variable
width and same height through changing the overlapping rate and the scanning speed
as shown in Figure 3d [52]. Li et al. investigated the scanning strategy for the fabrication
of ring-shaped thin-wall and confirmed the laser changing-point as the better scanning
strategy. As shown in Figure 3e, Wang fabricated the 316L thin-walled overhang structure
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with the reciprocating deposition way in which the collapsed ends can be prevented owing
to the compensation of height caused by the periodical change between the start and end
side. Finally, they obtained the maximum angle of inclination (8) was 32.9° based on the
optimization of z-increment [68].

04=35°
Designed /

angle [

Experimental
angle

\
Figure 3. (a) Images of 316L thin-wall parts with complex structures (Reprinted from ref. [14], copy-
right (2013), with permission from Elsevier); (b) Image of deposited cruciform thin-wall (Reprinted
from ref. [67], copyright (2015), with permission from Elsevier); (c) 316L slope thin-wall part fabri-
cated using parallel and three-dimensional deposition way (Reprinted from ref. [26], copyright (2020),
with permission from Elsevier); (d) Schematic and samples of typical variable width thin-walled
structures [52]; (e) Schematic and 316L thin-walled overhang structures (Reprinted from ref. [68]

copyright (2018), with permission from Elsevier).

3. Microstructures
3.1. Grain Size

As shown in Figure 4a, the microstructures of thin-wall created by LMD are affected
by the solidification rate of molten pool, the ratio of cooling rate to thermal gradient (R),
and the temperature gradient at the solid liquid interface (G). The solid-liquid interface
shape is determined by the G/R and the grain size is affected by the cooling rate which
is represent by G x R [8,9,69,70]. Based on the microstructures’ characteristics, thin-wall
can be divided into three regions which names the upper, middle, and bottom region.
In the bottom region which is near the interface zone between the deposition layer and
substrate, the amount of G/R is very high that contributes to the growth of solid-liquid
interface at a low-speed flat interface and the occurrence of cellular and even the planar
crystal [46,71]. With the continuous of LMD process, the decrease of G/R contributes
to the occurrence of columnar dendritic crystals which present in the middle region of
thin-wall. In addition, the orientation of heat transfer is from the upper to the bottom of
the thin-wall that results in the columnar grains growth along the perpendicular direction
to the substrate. With the progression of LMD process, which is accompanied with the heat
accumulation, the decreased G/R results in the formation of equiaxed crystal in the upper
region of thin-wall [72,73].
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Figure 4. (a) Solidification map established by solidification parameters (Reprinted from ref. [72],
copyright (2021), with permission from Elsevier); (b) Evolution of grain structure of IN625 thin-wall
from columnar (core/interfacial), large equiaxed grains (transition), to small equiaxed grains (surface)
(Reprinted from ref. [74], copyright (2020), with permission from Elsevier); (c¢) Evolution of grain
structure of IN625 thin-wall from cellular (bottom region), columnar (middle region), to equiaxed
grains (top region) (Reprinted from ref. [73], copyright (2020), with permission from Elsevier).

For example, Xue et al. pointed out that the sub-grain size of the bottom, middle,
and upper region of the CrCoNi medium-entropy alloy thin-wall was gradually increased
owing to the decreased temperature gradient and then the cooling rate [58]. Bi et al.
fabricated 316L thin-wall with a 0.15 mm z-increment and 120 layers. The microstructure
of deposited thin-wall presented a mixture of cellular and dendrite structures. The bottom
region, which had bigger cooling rate and better cooling conditions, showed smaller gain
size and the microstructure near the edge was coarser because of the higher temperature
and lower cooling rate [32]. Yu et al. fabricated Fe 105 steel thin-wall on the 45# steel and
observed the epitaxial growth of columnar crystal inversing the heat flow direction. With
the height increased, the crystal gradually changed from a single thick columnar crystal to
a small cross-dendrite and tiny equiaxed crystals in the middle of deposition layers. The
microstructure of the top region presented the denser and smaller equiaxed [49]. Zhao et al.
processed Al-4.55Mg-0.51Mn-0.655c-0.30Zr alloy thin-wall and observed the equiaxed
3~5 and 8~10 um sized grains near the bottom as well as the columnar 15~20 pm sized
grains in the middle of deposition [59]. As shown in Figure 4b, the images of microstructure
of IN625 thin-wall provided by Kim et al. showed that the column grain near the bottom
region, where possessed the high thermal gradient in heat transfer, transformed to large
equiaxed grain with the grain size of 5 pm in the middle region and then small equiaxed
grain with the grain size of 2 um in the upper region of thin-wall, where most of the heat
was transferred by conduction [74]. The similar results were reported by Cao et al. in
their study where the microstructure of IN625 deposition present the cellular grains near
the bottom region, columnar grains near the middle region, and equiaxed grains near the
top region [73]. Liu fabricated IN718 thin-wall, whose microstructure mainly consisted
of v columnar dendrites and small amount of (y + Laves) eutectics in the interdendritic
areas, and measured the primary dendrite arm space which can reflected the grain size.
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The results showed the primary dendrite arm space increased from 11.5 to 38 um with the
measured region changed from bottom to upper region of thin-wall [53].

In addition, there are some other factors, such as different region along the parallel
direction, thickness of thin-wall, and particle size, affecting the grain size of the thin-wall.
Owing to the edge effect, which is means the higher temperature gradient near the edge
region and lower temperature gradient in the middle region of thin-wall part [75]. That was
also verified by the research of Wang et al. in which 316L thin-wall parts with the height of
60 mm were fabricated. The microstructure showed smaller grain size near the edge regions
compared to that in the middle region [37]. Karczewski et al. deposited box-like Fe-16Al
(wt%) thin-wall with different thickness. The average grain size of thin-wall was about 200,
200~300, 200~800 pm during the thickness was 0.5, 1, 2, and 5 mm, respectively, that also
was verified by other researcher [76]. In addition, the thicker thin-wall possessed B2-type
structure owing to the higher cooling rate. however, the thin-wall with the thickness of
0.5 mm presented DO3-type structure because of the low cooling rate [46]. By observation of
transverse and longitudinal cross-section of WC/Ni thin-wall with the height of 5.7 mm and
thickness of 1.7 mm, Huang pointed out that the uniform thickness demonstrate that the
interface remelted and created metallurgical bonding between adjacent layers in the multi-
layer LMD process. They also emphasized that modulation of particle size was significant
for sake of controlling and designing the ideal microstructures [77]. Furthermore, in order
to obtain the refined microstructure of thin-wall, auxiliary methods, such as ultrasonic
vibration (UV), magnetic field, and electric -magnetic coupled field, were chosen to modify
the microstructure [78-81]. Liu et al. deposited the Fe 60 on the Q 235 steel with the auxiliary
of rotating magnetic field and obtained smaller grain size compared to that without the
magnetic field owing to the existing of electromagnetic stirring which contributed to the
breaking of columnar crystal and creating of crystal nucleus [79]. Gatzen et al. conducted
the deposition of AlSi18 with the auxiliary of electric -magnetic coupled field and pointed
out that the increase of current can intensify the convection of molten pool and promote the
peritectic reaction [80]. Ning deposited 17-4PH Fe-Cr stainless steel on the low carbon steel
by ultrasonic vibration-assisted LMD. The columnar grain structure with an average size
of about 7~11 um was observed inside the deposition fabricated without UV. However, the
deposition fabricated with UV presented equiaxed grain with smaller size of about 1.5~3 um
that attributed to the actions of acoustic streaming and cavitation induced by UV [81].

3.2. Growth of Columnar

The long columnar sun-grains of the thin-wall grew along the height direction and
passed through multiple deposition layers that attributed to the epitaxial mechanism.
During the LMD process of thin-wall, the partial melting of substrate grains, the melting
of molten pool, and the semi-melted grains averted the nucleation barrier and directly
nucleate on the bonding surface that induced the sub-grains to grow along the original
direction of the semi-melted grains. However, the inclined angle of long columnar sub-
grains to the vertical direction was affected by the scanning direction because the scanning
strategy can provide a certain temperature gradient in the parallel direction [39,82,83].
As shown in Figure 5a where CrCoNi medium-entropy alloy thin-wall was fabricated,
the angle of growth direction of sub-grains and vertical direction kept constant owing to
the same scanning direction which caused the maximum heat dissipation direction and
temperature gradient direction to be along the same direction [58]. As shown in Figure 5b
where the IN718 thin-wall was fabricated by continuous wave laser, during the bidirectional
scanning direction was used, the angle of growth direction of columnar grains and vertical
direction, which was about 60°~80°, presented periodical variation. However, as shown
in Figure 5c, during the quasi-continuous-wave laser with the pulse frequency of 100 Hz
was used, the normal of growth direction of columnar grains in each layer is about 45°
to the scanning direction that resulted in the almost vertical angle of growth direction
between two adjacent layers. Therefore, the highly oriented “zigzag” columnar grains
were obtained [54].
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Figure 5. (a) Microstructure of CrCoNi medium-entropy alloy thin-wall (Reprinted from ref. [58],
copyright (2021), with permission from Elsevier); microstructure of the IN718 thin-wall with the
(b) continuous wave laser and (c) quasi-continuous-wave laser (Reprinted from ref. [54], copyright
(2021), with permission from Elsevier).

In the molten pool created during the LMD process, the crystal growth and mi-
crostructure formation are determined by the solidification conditions of the advancing
solidification interface. The sufficient extent of constitutional supercooling (CS) contributes
to the growth of equiaxed grains ahead of the solidification interface. The ratio of G/V,
where G is the thermal gradient and V is solidification velocity, can describe the extent
of CS. A lower G/V conduces to the increased extent of CS that results in greater capa-
bility of equiaxed grains formation. When the G,,/V, where n is a material-dependent
constant, exceeds a critical value which is represented by Kcgr, the columnar structure can
be obtained. As shown in Figure 6, along the solidification interface in the longitudinal
section of Rene N5 deposition created by Liu, the ratio of |Goo1|**/|Voo1 | decreased from
the bottom to the top of the molten pool trailing edge. However, the ratio of |Gqp |3'4 /| Voo
presented an opposite trend. As shown in Figure 6c, at the top of solidification interface, the
|G100 |3'4 /| V100| had a maximum value and |Gy |3'4 /| Voo1| presented the minimum value,
while at the bottom of solidification interface, |Goo1 |** /| Voo1| achieved the maximum value
and |Gy00|>*/|Vigo| had a minimum value. In addition, the ratio of |Ggo1 |>*/|Voo1 | is much
bigger than the ratio of |G1g0|>*/|Vigo|. This indicated that in the longitudinal direction, the
(100)/[100] crystallographic orientation is less competitive than the (001)/[100] crystallo-
graphic orientation which naturally acted as the epitaxial growth direction of the columnar
dendrite trunk. The results of |Ggo1 |3'4/ | Voo1| and |Go1o |3'4 /| V1ol in the transverse section
presented the similar relationships which implied that the (010)/[100] crystallographic
orientation is less competitive than the (001)/[100] crystallographic orientation which
naturally acted as the epitaxial growth direction of the columnar dendrite [84]. Chen
observed the increased amount of stray grains during the angle between the dendrite
growth direction and thermal gradient direction ([3) was close to 45° because of the similar
solidification condition in the [001] and [100] direction that contributed to the dendrites
grow along both direction. The competitive growth of these two preferred orientations also
conduced to the occurrence of columnar-to-equiaxed transition in the dendrite intersection
area. However, when the angle 3 was less than 30° or more than 60°, no obvious stray
grain was observed [85]. Fu et al. pointed out that in the deposition of Ti-6Al-4V thin-wall,
columnar [3-grains possessed the preferential growth in the direction of [100] which was
paralleled with the maximum G direction. Compared to the initial two layers, the competi-
tive growth reduced the number of columnar 3-grains and increased the sizes in the low
regions of thin-wall. With the progress of deposition process, the decrease of dissipation
rate and increase of heat accumulation resulted in the reduction of G gradually. In the
middle region of thin-wall, the length of columnar 3-grains decreased, and the nucleation
events increased before the solid /liquid interface that also conduced to the occurrence of a
small amount of equiaxed grains. Finally, the equiaxed grains were observed In the upper
regions because of the further decreased of G [86].
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Figure 6. (a) Schematic of the LMD process, (b) The geometrical relationship of the magnitudes of
Ghkl and Vhkl along the preferred growth directions relative to those normal to the solidification
interface in the different section, and (c) The solidification conditions ahead of the solidification
interface in the different section of a simulation deposition. (Reprinted from ref. [84], copyright (2015),
with permission from Elsevier).

4. Microhardness
4.1. Effect of Grain Size and Phases

Microhardness, which is recognized as an important indicator to evaluate the mechan-
ical properties, is determined by the microstructure and composition. The decrease of grain
size conduces to the improvement of microhardness. The small grain size contributes to
the increase of microhardness that also can be indicated by the Hall-Petch formula which is
as follows [46,87]:

Hy = Hy + kyd =12 1)

where H, represents the hardness, Hy and kp represents the constants which are related to
the hardness, and d represents the average grain size. The grain size is closely related to
the cooling rate of molten pool during the LMD process. The cooling rate is affected by the
process parameters, the different region of thin-wall, and the dimensions of thin-wall part.
Liu also pointed that the microhardness in the upper region was slightly lower than that in
the middle region of thin-wall because the upper region formed oxide affected by the air
and the middle region formed a denser and fine crystal structure [47]. The microhardness
of CrCoNi medium-entropy alloy thin-wall fabricated by Xue et al. presented gradually
decrease from the bottom region with the value of 245.6 HV to the upper region with the
value of 179.6 HV [58]. Karczewski et al. pointed out that the microhardness of deposited
box-like Fe-16Al (wt%) thin-wall was affected by the thickness of thin-wall. The results
shown that the microhardness was about 337 + 13, 333 + 15, 371 £ 18, 381 £ 17 HV during
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the thickness was 0.5, 1, 2, and 5 mm, respectively. The increase of thickness increase the
cooling rate, the grain size, and then the microhardness [46].

The formation of strengthening structure and hardening phase also contribute to
the improvement of hardness. Li deposited the IN718 superslloy and indicated that the
hardness in the bottom, middle, and top region were 385, 381, and 298 HV, respectively. The
improvement of hardness in the bottom and middle region attributed to the precipitation
of v” and ¥y’ phase [88]. The IN718 thin-wall deposited by Xu et al. also presented
higher hardness in the bottom region compared on the middle and top region that was
ascribed to the enhanced precipitation hardening caused by reiterated thermal cycles. In
the bottom region, the partial dissolution of Laves phases provided free Nb atoms which
can diffuse into t he matrix and accelerate y” precipitation in the inter-dendritic region [89].
Xiang et al. used the pulsed LMD to deposited the CoNiTi medium-entropy alloy and
obtained the high hardenss with the value of 571 &+ 46 HV which was about five times
of the hardness in the substrate (114 + 4 HV) that contributed to the formation of solid-
solution hardening BCC phase and second-phase hardening from the Ti,T; and TiCo type
intermetallic compounds [90].

4.2. Distribution of Microhardness

With the increase of the height of thin-wall, the heat accumulation aggravates and the
influence of thermal history on the microhardness become complex that result in the various
of microhardness in the different region of thin-wall part. In the vertical direction of the thin-
wall, the microhardness distribution can be explained as follows. In the deposition process
of thin-wall where the scanning path is single-track and multi-layer, the top surface of
former deposited layer is remelted and the whole former layers is reheated that results in the
occurrence of different regions in the former layer. Huang et al. divided the former layers
into four regions including remelted region, semisolid region, secondary quenching region
and tempering region. The remelted and semisolid region were accompanied with the
repaid melting and solidification process. The solidification of semisolid region contributed
to the crystallization of coarse grains. The remelted region, which was integrated with the
latter layer, provided platform for the coarse grain to grow that resulted in the appearance
of coarse grain zone at the interface between the adjacent layers. As shown in Figure 7a, the
troughs in the curve represented the coarse regions of the interface as a result of remelting
and reheating. The secondary quenching region, which is the quenching region in the
former layer deposition process, underwent secondary quenching that led to the increase
of microhardness. Owing to the long distance to the top surface, the bottom region of the
former layer suffered low reheating temperature and underwent tempering that attributed
to the insufficient quantity of heat which is transmitted from new deposited layer. The
results indicated that the microhardness distribution across the longitudinal section of
WC/Ni thin-wall with the height of 6 mm presented a periodical fluctional, as shown in
Figure 7a, that attributed to the remelting and reheating during the deposition of latter layer
and then the variation of the grain size [77]. The periodical fluctuation of the hardness with
the increase of height also was indicated in the work reported by Wang et al. as shown in
Figure 7d. In addition, the hardness near the edge region presented higher than that in the
middle region because of the finer grains near the edge region [37]. Zhang et al. observed
the similar rules of hardness in the S5410 thin-wall part with the height of 20 mm. They
indicated that the interface between the substrate and deposition presented the maximum
harness with the value of 350 HV because of the existing of ferrite and retained austenite.
During the height was above 2 mm, the harness decreased suddenly to 200 HV and then
kept consistent in the deposition where the microstructure manly consisted of ferrite [40].

14



Coatings 2022, 12,1104

Distance to the top surface (mm)

(a) 1000 (5] S A-G represent the
Remelting region s S s
intersections of lines
900
3 Latter layer Quenched region
3
= 800 +H
T / a B \ .
5 A i AJ—H\ Tempered region
2 700 I H 1=a)
E _____ Double quenched
s :
e | I region
Former layer / m! I s T \\
l i i i j‘\ Tempered region
s
500 +— T T T T T )
0 1 2 3 4 5 6 ~___lH | L3
d (mm)
(C) 340 =
[ 8 20
320 A 2
320 v N A—45
310 JA Y v right side of 20
o DN .
3004 w00 A A h ]
= L /N
2904 z Y L
Z ® 0 00000000000 = 280 / N At
< 280 4 rs &
£ 210 s
E T 260 . e
= 2604 a \
250 4 2404 —
240 v °
230 ; I . v . 0 220 T T T T T T T T T T T
2 40 60 80 100 120 0 10 20 30 »40 50 60 70 80 90 100 110
Distance to left side (high side) (mm) Distanceito the:substeate) (mm)
S - - N S S S
——————————————————————————————————————————————————————————————————— |
(d) 1-4 represent the sampling position of hardness! |
—=— Continuous wave laser (type 1) 2 [
285 © Continuous wave laser (type 2 s } I
280 ] ! }
275 ] I
270 Iy
265 4 I
260 I
255 - Iy
< 250 ' . |
L 245 ] } I
1
g 200 oo |
s 2354 | 1
5 230 -— o “
225 ] Iy
220 I
215 I I
210 I
205 Iy
200 T T T T y L1
10 20 30 40 50 | |
I
ki
[

Figure 7. (a) Hardness distribution in height-direction of the WC/Ni thin wall sample, (Reprinted
from ref. [77], copyright (2009), with permission from Elsevier); (b) Schematic illustration of thermal
history in laser material deposition process (Reprinted from ref. [26], copyright (2020), with permis-
sion from Elsevier); (c¢) Hardness distribution in parallel and vertical direction of the 316L slope
thin-wall (Reprinted from ref. [2], copyright (2016), with permission from Elsevier); (d) Hardness
distribution in the vertical direction of 316L thin wall (Reprinted from ref. [37], copyright (2016), with
permission from Elsevier).

However, the microhardness distribution of thin-wall with great height in the perpen-
dicular direction would present different rules. Wang fabricated 316L slope thin-wall part
with three-dimensional and parallel deposition way. The height of deposited thin-wall
part exceeded 50 mm. It was worth noting that the microhardness increased initially and
then decreased with the increase of distance to the interface between the deposition and
substrate. The maximum value of hardness presented at the distance of about 25 mm to
the interface. Wang pointed out that the tempering, which was harmful for the hardness,
played a dominant role in affecting the hardness distribution in the perpendicular direction
as shown in Figure 7b. During the height was lower than 25 mm, the heat was effectively
transferred by the substrate and the inputted heat was insufficient to warm the former
layers that resulted in the highlight of the tempering effect of latter deposition process
on the former layer high. Thus, the hardness increased with the distance to the interface
increased during the distance was lower than 25 mm. However, during the height exceeded
25 mm, the temperature of former layer became high owing to the heat accumulation that
led to the tempering of former layers on the latter layers dominated the process. Thus,
the hardness decreased with the increase of distance to the interface during the height
exceeded 25 mm [26].
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In addition, the hardness distribution along the parallel direction was relatively uni-
form because of the similar conditions and grain size. However, the hardness of edge
and middle of the thin-wall always presented slight different owing to the slight different
temperature gradient. It was worthy to notice that the hardness distribution of slope
thin-wall along the parallel direction was significantly different as shown in Figure 7c.
Owing to the more inputted heat and longer heating time, the high side of slope thin-wall
with parallel deposition way suffered from obvious temping effect that resulted in the
maximum hardness near the low side. In the case of three-dimensional deposition way as
shown in Figure 3¢, the maximum hardness presented near the high side that attributed
to the identical inputted heat along the surface of slope thin-wall and higher cooling rate
caused by the bigger height and deposition volume near the high side [26].

5. Tensile Properties
5.1. Effect of Grain Size

The indicator of tensile properties always consists of the yield strength, ultimate tensile
strength, and elongation. The grain size is a factor to affect the yield strength that can be
expressed by the Hall-Petch relation [91]:

oy = oy +k/dV? 2)

where 0y is the yield strength, d is the grain size, ¢y and k are the constants related to
the materials. The decrease of the grain size can increase the yield strength. The finer
grains can bring higher grain boundaries and dislocation density that contributes to the
strengthening of the materials by hindering the movement of the dislocations. Owing to
the generation of refined dendrites in the thin-wall fabricated by the LMD process in which
the cooling rate of molten pool was high, the LMD-ed thin-wall possessed higher tensile
strength compared to the conventional machining ones. However, the elongation presented
contrary law. The one reason for the lower elongation was the occurrence of atmospheric
oxidation caused by the LMD process without the vacuum environment of glove box [14].
For instance, the yield strength, ultimate tensile strength, and elongation of the CrCoNi
medium-entropy alloy thin-wall in the vertical direction showed higher than that in the
parallel direction because of the smaller grain size [58]. Compared to the cast samples as
shown in Table 3, the yield strength and ultimate tensile strength of the thin-wall fabricated
by LMD increased about 39.5%~100%. However, the elongation showed approximately
with that by the casting process [58,92,93].

Table 3. Tensile properties of CrCoNi medium-entropy alloy and 316 samples of thin-wall fabricated
by LMD and casting process in the vertical and parallel direction.

Loading Yield Strength Ultimate Tensile

Powder Process Route Direction (MPa) Strength (MPa) Elongation (%) Ref.
LAM vertical 360.793 584.584 53.690
1lel 4.941 74. 36.943
CrCoNi paralle 364.9 574.558 [58]
. - 257.713 547.935 82.650
Casting
- ~170 ~480 ~55 [93]
LAM vertical 352 536 46
316 parallel 558 639 21 [14]
Anneal - 241 586 50

5.2. Effect of Phases

In the deposition process of thin-wall, the average temperature inside of deposition
and the duration time of the high temperature range will be increased compared to the
single-track deposition process. Therefore, the intense thermal cycling effects may conduce
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the temperature to rise to the phase transition point or even induce solid phase transi-
tion that will eventually affects the tensile properties of thin-wall. In the investigation
of anisotropic tensile behavior of deposited Ti-6Al-4V cruciform thin-wall reported by
Carroll et al., the prior-f3 grains have long axes of about 1.5~10 mm along with the vertical
direction. The boundaries of prior-f3 grains were decorated with the grain boundary o
phase which conduced to the decrease of elongation by furnishing a preferential path
for damage accumulation aligned with the prior-p grain boundaries. Compared to the
previous results, the yield and tensile strength of the cruciform thin-wall reduced but still
were well above the requirement for cast and wrought of Ti-6Al-4V, as shown in Table 4.
They observed little o’ (hcp martensite) in the microstructures. This observation indicated
that the cooling rate during the deposition of cruciform thin-wall was above the 3 transfer
of ~1000 °C, while rapid was not sufficient fast to allow the formation of martensite which
was generally stronger than -3 microstructures owing to the presence of lattice strains [94].
Thus, the absence of martensite was account for the reduction of yield and tensile strength
of cruciform thin-wall [67]. Li pointed out that although the grain size is coarser compared
to the SLM process where the improvement of yield strength was mainly determined by
the fine grains, the interaction between the precipitation and dislocation induced the IN718
to act as a precipitation strengthened superalloy. They deposited IN718 superalloy and
the results of tensile test showed that the yield strength at the bottom, middle, and top
region were 745.1 £ 5.2, 752.2 + 12.1, and 464.7 £ 44.2 MPa, respectively. The results can
be explained by the precipitation of strengthening phases (y” and v’) in the bottom and
middle region [88]. The ductility of IN718 during the tensile process was investigated by
Xu et al. from the angle of Laves phases. They indicated that the granular laves phases had
strong coordination and can be retained or directly separated from the y matrix, while the
failure of long-chain Laves phases were mainly in forms of debonding and fragmentation
during the tensile process that implied the granular Laves phases presented higher ability
of plastic deformation compared to the long-chain Laves phases [89].

Table 4. Summary of relevant Ti-6Al-4V mechanical properties by LMD process during the tensile
axis was along longitudinal orientation [67].

Yield Strength Ultimate Tensile Strength Elongation

Built Part Geometry (MPa) (MPa) %)
Test coupon 1105 £ 19 1163 + 22 4+1
Tall wall 1052 4 27 1153 + 13 53421
Flat plate 984 + 25 1069 + 19 54+1
Cruciform thin-wall 959 + 22 1064 + 23 MPa 11
Wrought 973 + 8 1050 &+ 8 17

5.3. Effect of Loading Direction

The ductile deformation is also related to the grain sliding which is caused by shearing
force. Due to the existing of molten pool boundaries (MPBs) caused by overlapping
between the molten pools, the fracture preferentially occurs along the boundaries where
the bonding force is weaker [13]. In the fabrication of thin-wall where the single-track and
multi-layer are deposited, the laser spot is continuous during the scanning of single-track
that contributes to the disappearing of MPBs. However, the MPBs caused by the layer-by-
layer deposition process are obvious and present perpendicular to the epitaxial growth
direction of grains as shown in Figure 8a. Figure 8b illustrates the different relationship
between the shearing force and tensile loading direction. The shearing force along the
direction of grain sliding (T) can be expressed as:

_ Fcostp F
= Weon ACOSGF X cos A 3)
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where F represents the tensile force, 6 represents the angle between the direction of
grain sliding and tensile force, A is the angle between the sliding surface and tensile
force, A represents the cross-section area acted by tensile stress. The tensile stress (F/A)
increases until reaches the yield strength of the material with the increase of tensile force (F).
Furthermore, the slide would happen after the shearing force exceeds the ultimate value
which the sliding surface can sustain that means the occurrence of deformation. Therefore,
as shown in Figure 8b, during tensile force is along the vertical direction, the thin-wall
present the low tensile strength because the tensile force is approximately parallel to the
sliding surface that contributes to the high shearing force and pool ability for hindering the
tensile force. However, in the case of tensile test along the parallel direction of thin-wall, the
angle between the sliding surface and tensile force is big that results in the small shearing
force and high tensile strength [13,26].

Molten pool

(a)

Direction of _{
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/ ®
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 Parallel deposition way Three-dimensional deposition way

“Track-track” MPBs “Layer-layer” MPBs

“Layer-layer” MPBs

MPBs produced in the parallel direction MPBs produced in the vertical direction

Figure 8. (a) Schematic of direction of grain growth in different deposition way (Reprinted from
ref. [26], copyright (2020), with permission from Elsevier); (b) The force analysis diagram of molten
pool boundaries produced in horizontal and vertical direction (Reprinted from ref. [13], copyright
(2014), with permission from Elsevier).

Wang et al. fabricated 316L thin-wall with the height of 60 mm as shown in Figure 9a
and investigated the ultimate tensile strength and elongation along different loading
direction. The results showed that the UTS of the sample 1, 2, and 3, whose loading direction
was horizontal, were higher than that of sample 4, 5, and 6, whose loading direction was
vertical. The dendritic boundaries of the thin-wall were primarily perpendicular to the
scanning path that contributes to the higher UTS during the loading force was parallel
to the scanning path because of the effective hindering for the dislocation movement of
samples. However, the results of elongation presented contrasting rules [37,95]. Zhang
conducted the tensile test of 316 thin-wall along the vertical and parallel directions as
shown in Figure 9b and the experimental results were summarized in Table 3. It can be seen
that the tensile performance appeared anisotropic with the tensile direction. Compared to
the samples tested along the vertical direction where the interlayer bonding places easily
become the fracture source, the tensile strengths along the parallel direction with the yield
strength of 558 MPa and ultimate tensile strength of 639 MPa were higher. Owing to the
dendrites can hold better ductility along the growth orientation, the higher elongation
was presented during the vertical loading direction was used that also can be verified by
the features of dimples as shown in Figure 9b. The dimples in fracture surface of vertical
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tensile samples were much deeper and denser that indicated the vertical tensile direction
possesses better ductility [14]. As shown in Figures 7c and 9c, the results of tensile test in
the investigation of 316L slope thin-wall with the angle 6 of 20° reported by X. Wang et al.
revealed that the biggest UTS was presented due to the smallest shearing force during
the angle between tensile loading direction and horizontal direction ({3) was 45°. During
the angle 3 was 90°, the small angle between the direction of tensile loading and sliding
surface as well as the high shearing force led to the low UTS [26].
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UTS (Elongation) / MPa (%)

1 (High side) 2 (Middle) 3 (Low side)
0° 596.2 (7.0) 626.4(9.5)  650.8 (9.0)
45° 740.7(127) 7464 (13.5) 745.8 (12.6)
90°  6412(13.7) 6489 (13.8) 643.3(12.9)
160°  678.3 (8.5) 685.2(9.7)  695.6 (11.5)

Figure 9. (a) Schematic for tensile test specimens of 316L thin-wall. (Reprinted from ref. [37],
copyright (2016), with permission from Elsevier); (b) Schematic for tensile test specimens SEM
morphology of tensile fracture surface of 316 thin-wall (Reprinted from ref. [14], copyright (2013),
with permission from Elsevier). (c¢) Schematic for tensile test specimens of 316L slope thin-wall
(Reprinted from ref. [2], copyright (2016), with permission from Elsevier).

6. Thermal Stress
6.1. Distribution of Thermal Stress

LMD, which is a process accompanied with non-uniform heating and melting, induces
extremely uneven temperature distribution around the molten pool that leads to uneven
contraction and expansion in different region of the deposition layer and ultimately leads to
residual stress and deformation [96]. When the deposition stress exceeds the yield limit, the
deformation, which is mainly caused by deposition stress, occurs. During the LMD process,
the region acted by the laser beam is rapidly heated and melted, but the temperature of the
region, which is far from the laser beam, is low that results in uneven thermal expansion.
The metal of laser-active region experiences thermally expanded which is constrained
by the surrounding cold material that contributes to the causing of compressive stress in
thermal material and tensile stress in cold material. The increase of temperature decreases
the yield limit of metal in the laser-active region. As shown in Figure 10b, during the
thermal expansion of the deposition is larger than that of substrate, the arch deformation
occurs. However, after the laser beam goes away as shown in Figure 10c, the material in
the laser-active region shrinks and undergoes tensile stress, but the material in the cold
region undergoes compressive stress that results in the occurrence of warping deformation
under the influence of shrinkage force [46].

The plastic deformation of the crystalline material was assumed to obey the Von
Mises yield criterion and the associated flow rule. The following equation can express the
equivalent von Mises stress (EVMS):

NI

{(‘Txx — oyy)® + (oyy — 022)* + (02 — Uxx)2]

V2(1+72')

4)

O =
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where v’ represents the equivalent Poisson’s ratio. The EVMS is a uniaxial random stress
that is characterized in frequency domain by a power spectral density, which is calculated as
a linear combination of the quto- and cross-spectra of multiaxial random stress. The EVMS
can be used to quickly estimate the fatigue damage in frequency domain [97]. It can be seen
from the Equation (4) that the EVMS is composed of three principal stresses including the
X-directional stress, Y-directional stress, and Z-directional stress [51]. Therefore, in order to
estimate the properties of thin-wall by LMD, the different directional stresses of thin-wall
have been tested and simulated by many researchers.

Laser beam Laser beam Laser beam

1 T
(a) (b) (c)

Figure 10. Schematic of the deformation process of thin-walled parts. (a) Before the LAM; (b) During
the LAM; (c) After the LAM (Reprinted from ref. [46]. copyright (2020), with permission from MDPI).

The time-dependent temperature distribution plays a significant role in the stress
pattern of the thin-wall with four layers fabricated by the LMD process. Owing to the
unhandy monitoring of time-dependent temperature, the numerical analysis is a powerful
tool. M. Alimardani et al. obtained 3D temperature distribution and stress pattern for
any elapsed time during the LMD process of 304L thin-wall by numerical simulation. As
shown in Figure 11a,b, the stress concentration presented around the molten pool during
the laser beam moved to the middle region. However, as the laser beam arrived at the edge
region, the growth of stress concentration can be observed and two regions of concentration,
including the region around molten pool and the corner of thin-wall. In addition, with
the increase of deposition height, the heat loss by convection/radiation gradually became
dominant compared to the heat loss by conduction that contributed to the increase of
temperature, volume of molten pool, and then the powder catchment [98]. It was worth
to noticed that the thermal stains and stress decreased with the increase of deposition
height and the decrease of the temperature gradient. Although the decreased trend of
stress presented along the height direction, the maximum stresses still occurred at the edge
region of the layers 2~4 [43].

As reported by Wang et al. [37] and Rangaswamy et al. [99], for the Z-directional
stress, the tensile stress played the dominant role at the edge region and compress stress
was presented at the central region of thin-wall part. For the Y-directional stress, the tensile
stress and compress stress were observed at the central and edge region, respectively. The
occurrence of tensile stress can be justified that the scanning speed gave less time to material
stretched in the Y-direction owing to different cooling rate to recover its position [37,100].
Balichakra investigated the residuals tress of y-TiAl thin-wall and pointed out that the
encountered transient thermal gradients significantly affected the state and magnitude of
residual stress. In addition, the compressive stress decreased with the increase of height of
deposition in the vertical direction [55].
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Figure 11. (a,c) Thermal field (isothermal contours), (b,d) stress field (Von Mises) for the second-layer
deposition at different times on the surface normal to y = 0 (Reprinted from ref. [43], copyright (2009),
with permission from Elsevier).

6.2. Modification of Thermal Stress

Preheating of the substrate is an effective treatment to improve the status of stress
distribution and alleviate the deformation. Zhang built Ni 60A thin-wall on the Q235
substrate with the preheating temperature of 200, 300, 400, 500 and 600 °C. They pointed
out that the tensile stress along the horizontal direction decreased with the increase of
preheating temperature because of the alleviation of the temperature gradient. The pre-
heating of substrate contributed to the volume increasing of deposition owing to the more
powder melted into the molten pool. The increase of the preheating temperature caused
the increase of volume of deposition, the increase of tensile stress, and more significant
contraction of depositions during cooling [50]. However, Alimardani et al. pointed that
the thermal stress of 304 thin-wall showed inconspicuous decrease after preheating the
substrate to 500 K during the laser power kept constant. However, the maximum thermal
stress significantly reduced by preheating the substrate and decreasing the laser power.
For instance, compared to the thermal stress induced by the laser power of 300 W and
non-preheat treatment of substrate, the maximum stress decreased by 16.7% during the
laser power was 250 W and the preheating temperature was 700 K. The maximum stress
only presented 3.6% reduction with the same preheating temperature and laser power
of 300 W. These results demonstrated that preheating the substrate accompanied with
optimizing the laser power can significantly reduce the thermal stress [43].

Using of pulsed laser is another method to modifying the stress pattern of the thin-wall.
Wang fabricated the 316L thin-wall with pulsed wave laser (PW) and continuous wave
laser (CW). Compared to the CW laser, the pattern of Z-directional stress of thin-wall by
PW laser presented opposite trend that the tensile stress was induced in the central region.
In addition, the decrease of inputted energy by reducing the pulse time can relieve the
tensile stress and even drew forth the compress stress. For the Y-directional stress, the stress
showed a periodic variation between the tensile and compress stress that was explained as
the effect of duty cycle which is the special feature in pulse laser [37].
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7. Conclusions

This review addresses the research status of deposition quality, microstructures, micro-

hardness, tensile properties, and thermal stress of metal thin-wall created by laser material
deposition. The main conclusions can be drawn as follows:

@

@)

®)

4)

©)

Except for the process parameters, such as laser power, scanning speed, powder feed
rate, the matching of z-increment and single deposition height played a significant
role in affecting the surface quality and dimension precision. During the z-increment
was bigger than the single deposition height, the positive de-focusing could result in
gradually insufficient powder captured by molten pool, decrease of single deposition
height, and then the failure in deposition of thin-wall finally because of the inter-
actional effect. However, during the z-increment was smaller than the deposition
height, the self-regulation-effect could assure the molten pool to capture sufficient
powder and create a deposition layer. Based on the optimizing of the fabrication
process, some thin-wall parts with complex structures, such as inclined thin-walled
cylinder, special-shaped bottom thin-wall, slope thin-wall, thin-walled overhang
structures and so on, were fabricated with high quality.

Based on the microstructures’ characteristics, the thin-wall could be divided into three
regions which names the upper, middle, and bottom region. Plane, columnar, and
cellular crystal presented in the bottom, middle, and upper region of thin-wall, respec-
tively. Owing to the decrease of temperature gradient with the increase of deposition
height, the grain size gradually decreases because of the reduction of cooling rate.
The long columnar grains of the thin-wall grew almost along the height direction and
passed through multiple deposition layers that attributed to the epitaxial mechanism.
The growth direction of columnar grains could be affected by the changing of heat
dissipation direction.

Microhardness had a negative correlation with the grain size. During the deposition
height is small, the hardness decreased slightly form the bottom to upper region
because of the decrease of grain size. Owing to the remelting and reheating which
could lead to the coarse regions, the hardness was periodic variation. During the
deposition height is great, the hardness increased initially and then decreased with
the increase of height that attributed to the temping effect between the former layers
and latter layers. The formation of strengthening structure and hardening phase also
contribute to the improvement of hardness. In addition, the hardness distribution
along the parallel direction was relatively uniform because of the similar conditions
and grain size.

The finer grains can improve the tensile strength because of the higher grain bound-
aries and dislocation density which can hindering the movement of the dislocations.
The UTS of thin-wall fabricated by LMD process was bigger than that by conventional
process such as casting. However, the elongation presented adverse rules. During the
tensile loading was along the parallel direction, the small shearing force contributes
to the big tensile strength. In the case of vertical direction of tensile loading, owing to
the small angle between the sliding surface and tensile force, the low tensile strength
was present because of the high shearing force during the tensile test. The intense
thermal cycling effects may induce solid phase transition and eventually affects the
tensile properties of thin-wall. In addition, with the changing of shape of thin-wall,
the tensile strength could be changed owing to the different direction of MPBs.

The encountered transient thermal gradients significantly affected the state and mag-
nitude of residual stress. By pre-heating of the substrate and utilization of pulsed
laser, the pattern of thermal stress could be modified.
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Abstract: The production of ceramic phase-reinforced high-entropy alloy composite coatings with
excellent mechanical properties, high-temperature oxidation resistance, and corrosion resistance via
laser cladding is a new hotspot in the field of surface engineering. However, as high-entropy alloys
have a wide range of constituent systems and different kinds of ceramic particles are introduced in
different ways that give the coatings unique microscopic organization, structure, and synthesized
performance, it is necessary to review the methods of preparing ceramic phase-reinforced high-
entropy alloys composite coatings via laser cladding. In this paper, the latest research progress
on laser cladding technology in the preparation of ceramic phase-reinforced high-entropy alloy
composite coatings is first reviewed. On this basis, the effects of ceramic particles, alloying elements,
process parameters, and the microstructure and properties of the coatings are analyzed with the
examples of the in situ generation method and the externally added method. Finally, research gaps
and future trends are pointed out, serving as a reference for the subsequent research, application, and
development of the preparation of ceramic phase-reinforced high-entropy alloy composite coatings.

Keywords: laser cladding; surface modification; ceramic reinforcement; protective coatings; high-
entropy alloy; fabrication methods

1. Introduction

High-entropy alloys (HEAs) are a category of alloys constituted by five or more
elemental components combined in equiatomic or near-equiatomic proportions. These
alloys are characterized by a mixing entropy that exceeds the melting entropy of the alloy,
enabling the formation of a high-entropy solid-solution phase [1]. High-entropy alloys,
also known as multiprincipal element alloys, were discovered in 2004 by Ye et al. [2] from
Taiwan, and Cantor et al. [3] from Brition published the research results of preparing HEAs;
since then, a research upsurge of HEAs was set off. High-entropy alloys have four main
effects: a high entropy effect in thermodynamics, a lattice distortion effect in structure, a
hysteresis diffusion effect in dynamics, and a cocktail effect in properties [4,5]. These four
effects allow it to exhibit many excellent properties that are superior to traditional alloys,
such as high fatigue resistance [6], hardness [5], high wear resistance [7], excellent corrosion
resistance [8], and good thermal stability [9]. Bulk amorphous alloys have become a new
research area and represent an important direction of the future development of materials.
Because of the highly mixed entropies of these alloys, they form solid solutions with simple
crystalline structures in which CoCrCuFeNi acts as a representative of a face-centered cubic
solid solution (FCC), body-centered cubic solid solution (BCC) supported by AlCoCrFeN;i,
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and hexagonal close packing (HPC). The orthorhombic structure or a combination of these
phases can be achieved by altering the high-entropy alloying elements. The combination of
high-entropy alloy coatings and new surface treatment technologies provides new research
ideas to enhance the comprehensive performance of the base material, such as hardness,
wear resistance, and corrosion resistance. In the last decade, researchers have been investi-
gating the mechanisms of laser-cladded coatings to improve the overall performance of
coatings for industrial applications. Studies have indicated that adding ceramic particles to
high-entropy alloys can significantly improve the mechanical properties of coatings, wear
resistance, and other comprehensive properties [10,11]. Ceramic particles have superior
properties, such as high-temperature resistance and wear resistance. Usually, the addition
of ceramic particles in composites can significantly improve the hardness and wear resis-
tance of the composites so as to obtain composites with excellent performance. Liu et al. [12]
added solid lubricant (MoS;) and hard ceramic-reinforcing particles (B4C) in an Al 7075
aluminum alloy matrix alloy, which is used for automotive hybrid aluminum composites so
that the abrasion resistance and the coefficient of friction of aluminum hybrid composites
can be significantly improved. Ceramic particles are often introduced into high-entropy
alloys (Figure 1), which are mainly divided into metal ceramics and non-metal ceramics
and their selection, which is based on suitable ceramic content and the matching between
ceramics and high entropy. Selecting the appropriate ceramic content and matching ceramic
and high-entropy alloy coatings is the key to ensuring the strong synergistic performance
of the molten cladding layer. High-entropy alloy composite coating materials integrate the
superior strength, toughness, and processability of metals with the outstanding wear resis-
tance and corrosion resistance of ceramics, thus amalgamating the merits of both material
categories, expanding the prospects for combining materials science and metallurgy, and
providing a potential new research direction for the manufacture of materials with high
abrasion resistance, corrosion resistance, and other high-end needs [13,14].

TiC
Sic TiB,

High-entropy alloys

B.C AL,03

NbC
wcC

Figure 1. Types of ceramic particles often involved in high-entropy alloys.

The manufacturing processes for high-entropy alloy coatings include a variety of main
processes, including magnetron sputtering [15], laser cladding [16], electrodeposition [17],
plasma spraying [18], etc. Laser cladding is the preparation of a selected powder system
on the surface of the substrate. It uses a high-energy density laser as a heat source to
melt the material on the surface of the workpiece substrate, form a coating with special
physicochemical properties, and achieve the connection of the coating. The substrate
material is a large amount of protective gas required to prevent oxidation of the melting
process during the laser cladding process. Ultrasound assistance and monitoring systems
are usually added. The laser coating equipment and the heat-affected zone of the coating
process are illustrated in Figure 2. To date, laser cladding and thermal spraying are the
more popular methods to prepare high-entropy alloy coatings. The combination of thermal
spraying coating and the substrate is mainly mechanical inlay, while the combination of
laser cladding coating and the substrate is a metallurgical combination, which has better
performance under heavy load impact. Mu et al. [19] used thermal spraying technology
to prepare AlICoCrFeNi high-entropy alloy coatings compared with Cai et al. [20], who
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used the laser cladding method to prepare FeCoCrNiAl; it can be clearly seen that the laser
cladding method of high-entropy alloy coatings has the characteristics of small deformation,
high density, low dilution, a wide range of powder selection, good metallurgical bonding,
etc. It is obvious that the high-entropy alloy coatings prepared via laser cladding have the
characteristics of small deformation, high density, low dilution rate, a wide range of powder
selection, and good metallurgical bonding [21,22]. In the current manufacturing field, the
production of high-performance coatings via laser deposition welding is a key solution
for achieving complex, extreme, highly sensitive, and efficient application environments,
which offers wide developmental potential in repairing defective parts and improving
the mechanical properties of workpiece surfaces and is usually applied in the fields of
aerospace, machinery, and medical equipment [23,24].

Protective Gas

Laser
Temperature\\ :

Gradient

Convective
Effect
~— -
Buoyany
Current

Figure 2. Heat-affected zone (HAZ) with melt pool and device schematic.

The frictional wear of mechanical components during operation leads to a shortening
of the service life of components and the failure of machinery and equipment, resulting in
a large waste of energy and materials. More than 30% of the world’s available energy is
lost due to friction and wear, and more than 70% of industrial components are scrapped
due to friction and wear [25]. In aviation, navigation, and related fields, materials are
subjected to stringent demands for corrosion resistance, high-temperature wear resistance,
and oxidation resistance. For example, 304 stainless steels are popularly utilized in vehicles,
marine, and other fields, which have superior corrosion prevention and mechanical proper-
ties but poor hardness and wear resistance. TC4 alloy is usually applied in the aerospace
field, with higher requirements for hardness and wear properties. The use of high-entropy
alloy composite coatings reinforced with a ceramic phase on the surface of critical parts is
therefore considered to be an effective way to enhance the comprehensive performance
of the parts. Therefore, numerous researchers have used surface modification techniques
such as CMT to increase mechanical properties such as wear resistance and hardness of
mechanical parts [26]. The preparation of ceramic phase-reinforced high-entropy alloy
composite coatings on the surface of critical parts is an effective method to enhance the
comprehensive performance of the parts. Laser coating preparation is used for ceramic
phase-reinforced high-entropy alloy composite coatings with excellent corrosion resistance,
wear resistance, and high hardness. Most researchers focus on the alloying element ratio
of the high-entropy alloy coating, the parameters of the coating process, and the heat
treatment process on the coating properties of the research. The production method of high-
entropy alloy composite coatings and the correlation between the microstructure and the
performance of the high-entropy alloy composite coatings summarized are still insufficient.
The present paper reviews the research progress of ceramic phase-reinforced high-entropy
alloy composite coatings in recent years. It focuses on the analysis and summary of the
method of producing composite coatings in terms of the microstructure and properties of
high-entropy alloy composite coatings. The purpose of this analysis is for the future use of
laser cladding for the production of composite coatings from high-entropic alloys and to
conduct in-depth research to bring enlightenment.
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2. Preparation of Ceramic Phase-Reinforced High-Entropic Alloy Composite Coatings

Different composition systems of high-entropic alloys determine the clad layer’s
mechanical, physical, and electrochemical properties and the workpiece’s application range
after cladding. The production of high-entropy alloy composite coatings on the surface of
the substrate using laser cladding is divided into two main categories: the in situ generation
method and the additive method, as depicted in Figure 3. Using the above two methods,
the high-entropy alloy composite coating used to introduce the ceramic phase can be caused
by the transformation of the internal phase structure of the coating. Changes in grain size or
the formation of new phases contribute to enhancements in the hardness, wear resistance,
corrosion resistance, high-temperature oxidation resistance, and other properties of the
high-entropy composite coating.
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Figure 3. Schematic diagram of the introduction method of ceramic particles.

2.1. In Situ Generation Method

The in situ generation method refers to the in situ generation of the ceramic phase
during the preparation of composite coatings and is based on the reaction between the
raw materials or between the raw materials and the surrounding gases in the plasma. It is
based on the original method of the in situ generation of metal/ceramic composite coatings,
high-entropic alloy as a metal base, in situ generation of ceramic phase to improve the me-
chanics of high-entropic alloy composite coatings, and other comprehensive achievements.
Preparing in situ-generated ceramic phase high-entropy alloy-based composite coatings
using laser cladding is an effective method to solve the problem of poor interfacial bonding
between ceramic particles and the metal matrix [27]. This method prepares the composite
coatings with a simple process and a high deposition rate, and the matrix and composite
ceramic phase possess good bonding properties and wettability. The ceramic particles gen-
erated in situ by the chemical reaction are disposed uniformly in the metal matrix, which
reduces the influence between the interfaces and improves the overall performance and
service life of the coating. Some researchers, including Feng et al. [28], Yang et al. [29], and
Lin et al. [30], used the in situ generation of ceramic particles such as borides and carbides
to significantly elevate the properties of entropy alloy coatings in terms of hardness, wear
resistance, and corrosion resistance.

Guo et al. [31] successfully fabricated in situ-generated TiC ceramic-reinforced CoCr
CuFeNiSij, coatings on 304 stainless steel via laser cladding. The experimental results
show that with the increase of Ti and C, the composite coating CoCrCuFeNiSig, (Ti, C)x
change from a single FCC solid-solution structure to an FCC Solid-solution structure.
With the addition of Ti and C, the in situ TiC ceramics are mainly distributed at the grain
boundaries. It can be observed that the coating has a typical dendritic structure at (Tj,
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C)o, and as the (Ti, C)x content increases, white particles gradually appear in the grain
boundaries, and the size of the white particles gradually increases. The white particles are
in situ-generated TiC particles. The in situ-generated TiC particles perform solid-solution
strengthening and diffusion strengthening on the high-entropy coating, which significantly
increases the hardness and wear resistance of the coating. With a maximum hardness of
517.2 HV, and an average microhardness of 498.5 HVy,, the (Ti, C); g coating has the
highest hardness, nearly 2 points higher than the HEA coatings without Ti and C. The
hardness of the (Ti, C); 5 coating is lower than that of the (Ti, C); o coating, but as the
content of Ti and C increases, the size of the TiC particles generated in situ in the coating
increases as well, weakening the reinforcing effect. (Ti, C); o has the best wear performance;
the gradual increase in TiC ceramic produced in situ lowers the coefficient of friction of
the CoCrCuFeNiSiy,HEA coatings and significantly improves the coating’s resistance to
abrasion. During the wear process, (Ti, C); 5 large ceramic particles exert a plowing effect
on the coating, making wear grooves on the surface more noticeable.

The performance of high-entropic alloy composite coatings is strongly influenced by
the size of in situ-generated ceramic particles. Liu et al. [32] produced AlCoCrFeNiTix
reinforced with TiC particles in situ that were authigenic using laser cladding on the surface
of AISI 1045 steel. In contrast to that, Guo et al. [31] used the laser thinning effect to
extract the high-entropic Fe and C elements in the coatings from the AISI 1045 steel matrix.
Two BCC phases, Fe-Cr and Al-Ni, along with a trace amount of in situ TiC phase in the
form of micro- and nanoparticle-sized particles, made up the coatings. The composite
coatings of CoCrCuFeNiTi; g HEA with the highest average microhardness (860.1 HV(3)
exhibited a direct correlation with the increased volume fraction of the TiC particle phase
(2.6%). The three-dimensional morphological characteristics and height analysis curves
of the wear of the CTij coating and the CTi; ¢ coating at high-temperature conditions are
provided. The wear mechanism of this coating at high-temperature coating is mainly
oxidative and adhesive wear. Compared with the wear characteristics under ambient
conditions, the wear under high-temperature conditions exhibits bumps caused by plastic
deformation rather than obvious furrows. According to the results of the height analysis,
the height variation in the wear region of the CTi; g coating is significantly smaller than
that of the CTig coating. These results suggest the existence of oxidative wear during the
wear process, especially at high temperatures, which is usually associated with frictional
heat. The micro- and nano-sized TiC particles improve the coating hardness and high-
temperature friction resistance via solid-solution strengthening, diffusion strengthening,
and grain refinement, demonstrating that oxidative and adhesive wear are the primary
mechanisms of the coating’s wear at high temperatures. Compared to high-entropy alloy
coatings, different ceramics have different mechanisms and reinforcing effects. Zhou
et al. [33] examined the effects of two ceramic particles, B4C and SiC, on the mechanical
properties and microstructure of CoCrMoNbTi high-entropy alloy coatings. The findings
indicated that B4C had the strongest strengthening effect on the high-entropy alloy coating’s
properties. The coating’s microhardness increased from 666.2 HVj 5 to 886.9 HV 5, which
was attributed to the in situ generation of TiC during the melting process from C and Ti
elements in the TC,4 substrate, which served as a role in precipitation reinforcement and
grain refining on the coating. Additionally, the alloy’s room temperature abrasion resistance
was improved, and the coefficient of friction and wear rate were significantly decreased.

Refractory alloying components (e.g., G., Nb, Ta, W, Mo, and V) cause HEA coatings
to exhibit lattice distortion, obstruct dislocation motion, and encourage the development
of BCC phases, thereby fortifying the coatings with the solid solution. Additionally, their
larger atomic radius typically results in an increase in the solid solution’s lattice con-
stant [34], enhancing the coatings’ mechanical qualities and wear resistance. Recent studies
by Chang et al. [35], Xiang et al. [36], Liu et al. [37], and Li et al. [38] examined the effects of
refractory alloying elements on the characteristics of high-entropy alloy coatings. Based on
how well strength, plasticity, and density match, refractory alloy elements can be broadly
categorized into three groups. The first group is made up of high-density W and Mo alloys
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as well as other elements from the fifth and sixth subgroups. The second group is made up
of low-density, high-plasticity, and high-entropy refractory alloys that contain elements
from the fourth subgroup with lower density, like B, Ti, Zr, and Hf. The third category
consists of elements from the third period that are added to the previously listed elements,
like Al and Si. The third category combines refractory alloys with high entropy, modified
strength, and toughness with third-cycle elements like Al and Si. The coordinated action of
ceramic phases and refractory alloy elements is studied in high-entropy alloy composite
coatings to generate new research ideas for coatings with high abrasion resistance and
excellent mechanical properties. In their study, Zhao et al. [39] investigated the synergistic
effect of Mo and in situ TiC on AICoCrFeNi HEA coatings. They found that the grain size
of the coating was only 1/24 of that of the AICoCrFeNi coatings. Additionally, the hardness
of the coating increased by 69.3%, and the wear resistance improved by 5.77 times due to
the synergistic effect of Mo and in situ TiC.

TiB and TiC are ceramic-reinforced particles known for their excellent performance. TiB
exhibits exceptional physical and thermomechanical properties [40], boasting a remarkable
hardness of up to 27 GPa. On the other hand, TiC possesses a high modulus of elasticity,
high hardness, low coefficient of friction, excellent chemical stability, and good wettability
with the metal substrate. Additionally, coatings containing an excess of elemental Ti in solid-
solution form not only significantly enhance the base material’s mechanical properties and
wear resistance [41] but also act as a solid lubricant, thereby reducing the coating wear rate.
These properties make it a promising candidate for improving high-entropy alloy coatings.
However, the in situ generation of single TiB, ceramic particles for high-entropy alloy
coatings exhibits poor high-temperature oxidation properties and low fracture toughness.
To overcome these limitations, incorporating two or more ceramic-reinforcing phases has
been explored to enhance the thermal stability of high-entropy alloy coatings and achieve
coating grain refinement. The resulting high-entropy alloy composite coatings exhibit high
hardness, high wear resistance, and high-temperature oxidation resistance [42—44]. He
et al. [45] conducted a study on the preparation of CoCrMoNDbTi high-entropy alloy coatings
by adding B4C on a titanium alloy substrate using a laser melting technique. The researchers
observed that as the B4C content increased, the solid phase in the coating underwent three
stages: BCC; + BCC, — BCC; + BCC; + TiC — BCC; + BCC; + TiC + TiB. In addition, two
ceramic-reinforced phases, TiC and TiB, were generated in situ. These ceramic particles
were found to be diffusely distributed in the coating and exhibited different morphologies.
The presence of these particles inhibited grain growth and resulted in grain refinement,
leading to a submicron grain size. The hardness of the coating increased from 666.26 HV 5
to 954.11 HVj 5, and Young’s modulus increased from 168.88 GPa to 240.35 GPa. These
enhancements significantly improved the hardness and tensile strength of the coating. Yan
et al. [46] successfully prepared in situ Ti (C, N)-reinforced AICoCrFeNiSi high-entropy
alloy coatings with a functional gradient bilayer structure on an H13 steel substrate. This
study aimed to address the poor toughness and brittleness issues of the coatings. Unlike
previous studies by He et al. [45] and others, Yan et al. [46] utilized Ti and C powders as
precursor reactants for Ti (C, N) ceramic particles and high-purity nitrogen as the protective
gas. The involvement of nitrogen in the coating reaction resulted in the in situ generation
of Ti (C, N) ceramic particles. The microhardness of the coatings and the results of the
EBSD and EDS analyses are depicted in Figures 4 and 5. This study indicates that the
coatings prepared via this method possess a double gradient. The first layer is an FCC solid
solution, and the second layer is a mixture of disordered BCC phase (Fe-Cr) and ordered
By phase (AI-Ni-Ti). It has a high content of Ti (C, N) ceramic particles and TiSi; speckled
between grain boundaries in the microstructure. The high hardness of the second layer
is attributed to the diffuse reinforcement induced by the ceramic particles. The in situ-
generated Ti (C, N) ceramic particles, as non-deformable particles, effectively enhance the
surface hardness of the HEA gradient coating. Additionally, the reticular TiSi, distribution
along the body-centered cubic grain boundaries impedes grain boundary migration and
contributes to the microstructure refinement, further enhancing the high hardness of the
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second layer. The main wear mechanisms of the coating are oxidative wear and a small
amount of abrasive wear. The strong interfacial bonding between the in situ-generated Ti
(C, N) particles and the HEA substrate provides the coating with high surface hardness and
resistance to plastic deformation. Similar to Yan et al., Liu et al. [47] utilized high-purity
nitrogen as a protective gas to melt-coat FeCoNiCrMnTix (atomic ratio x = 0, 0.5, 1.0, and
1.5) HEA-coated high-entropy alloy coatings onto the surface of 304 stainless steel in order
to produce high-quality, defect-free coatings. This process resulted in the in situ formation
of TiN particles. The coating is composed of the FCC phase, TiN phase, and Laves phase. As
the Ti content (x = 0, 0.5, 1.0, and 1.5) increases, a stepped crystalline morphology gradually
forms, and the amount of TiN particles in the coating increases, thereby enhancing the
wear resistance of the coating. However, when the Ti content exceeds 1.0 reduced defects
in coatings.
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Figure 4. The hardness profile and corresponding microstructures of the HEA gradient coating [46].

Figure 5. The EBSD and EDS results of microstructures in zone I: (a) EBSD band contrast (BC) map,
(b) EBSD phase map, (c—f) EDS element distribution maps for Si, Ti, N, and C [46].

Currently, laser cladding primarily utilizes various in situ generation methods to
enhance the ceramic phase. These methods include in situ single generation, in situ single
generation with high melting point element doping, in situ double generation, in situ
multi-gradient generation, and others. These methods are illustrated in Figure 6. Research
has shown that ceramic particles generated in situ from some elements in the matrix are
concentrated in the submicron or micro-nanometer level and exhibit uniform distribution.
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Increasing the ceramic particle content effectively enhances the composite coating’s hard-
ness, wear resistance, and high-temperature abrasion resistance. However, the overall
content of ceramic particles in the composite coatings is relatively low. Alternatively, con-
tent generated in situ are added to the elements to obtain a relatively high ceramic content
in the entropy alloy composite coatings. In that case, the size of the ceramic particles will
gradually increase with the increase in element content. Once the ceramic particles reach
a certain size, the comprehensive performance of the composite coatings will decrease.
Therefore, it is necessary to investigate the optimal content ratio of the elements to obtain
excellent performance of the coatings when using this method to obtain ceramic particles.
The in situ generation of single-phase ceramic phases is a straightforward process, allowing
for the easy prediction and analysis of the phase composition of the composite coating
after fusion coating. The combined action of high melting point elements and ceramic
phases can further refine the grains and enhance composite coatings” wear resistance and
mechanical properties compared to the generation of single ceramic phases. However, the
high melting point elements come at a higher cost. The in situ generation of dual ceramic
phases compensates for the single ceramic phase’s limitations in terms of high-temperature
oxidation and other properties. Building on this, in situ multi-ceramic phase gradient
generation solves the issue of poor toughness in the coating. It can yield composite coatings
with good hardness and plastic properties by increasing the ceramic content. Nevertheless,
the method of coating preparation becomes more complex, and controlling the compo-
sition of the coating phase in each layer and the overall ceramic content is challenging.
Each method has its advantages and disadvantages. However, different in situ genera-
tion methods can yield different phases and unique microstructures, further enhancing
the hardness, abrasion resistance, high-temperature oxidation resistance, and corrosion
resistance of high-entropy alloy coatings. These methods provide new design ideas for
obtaining high-quality, high-entropy alloy coatings.
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Figure 6. Summary of in situ generation method.

2.2. Addition Method

The additive method involves mixing ceramic powder and high-entropy alloy powder
according to a certain proportion, ball milling the mixture, and pre-positioning it on the
surface of the substrate. Alternatively, synchronous powder delivery can be used under the
protection of inert gas or in a vacuum environment using a laser heat source to melt the pre-
positioned coatings or spray powder, so that the powder into the metal substrate surface to
form a ceramic phase reinforced by the high-entropy alloy coatings. The pre-positioning
method is commonly used in experimental protocols where the powder particles are on the
nano-scale, and the simultaneous powder feeding is mostly used for mixed powders of
tens of microns or more.
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The external addition method allows for the accurate control of the size and content
of ceramic particles in high-entropy alloy composite coatings compared to the in situ
generation method. Wang et al. [48], Li et al. [49], and Xi et al. [50] discovered that a
small number of small-sized ceramic particles can greatly refine the grain size of the target
material and effectively enhance its mechanical properties. Cai et al. [51] conducted an
investigation on the laser fusion coating of FeMnCrNiCo + x(TiC) (x =0, 5, 10, 15 wt%)
coatings. The experiments involved adding a mixture of TiC ceramic particles with particle
sizes ranging from 10 um to 20 um. This study shows that the joint action of TiC ceramic
particles with small-size particles (SSP), large-size particles (LSP), and precipitation phase
at the grain boundary can refine the metal grains of the coating. The average grain size
in the CoCrNiMn fusion cladding layer is 75.881 um. However, with the addition of
x =0, 5, 10, 15 wt% TiC ceramic particles, the average grain size decreases to 36.061 um,
29.714 um, and 25.706 pum, respectively. This grain refinement significantly improves the
resistance to plastic deformation of the fusion cladding layer. It is important to note that
the plastic deformation resistance of the fusion-coated layer is significantly improved.
However, as the ceramic content increases, coating cracks tend to extend along the grain
direction. Additionally, excessive ceramic content during the friction process can accelerate
the detachment of ceramic particles from the surface of the coating. Li et al. [52], in order to
further improve the hardness and abrasion resistance of the AICoCrFeNi high-entropy alloy,
investigated the effect of different ceramic contents on the performance of the high-entropy
coatings. Experiments in the AICoCrFeNi high-entropy alloy with different mass fractions
(10%, 20%, 30%) of NbC ceramic particles were added, and the coatings were prepared
using the laser cladding method to study the organizational evolution and mechanical
behaviors of the composite coatings with different contents of NbC particles. NbC particles
are mainly distributed in the grain boundaries of the high-entropy alloys, and the NbC
particles have a strong pinch effect, which has unique advantages in inhibiting the growth
of high-entropy alloys’ grains. NbC particles have a strong pinch effect, which has a unique
advantage in inhibiting the grain growth of high-entropy alloys, and the FCC phase in the
coating decreases as the content of NbC particles increases. When the mass fraction of NbC
particles is 20%, the alloy has the highest hardness (525 HV), the best wear resistance with
an average coefficient of friction value of 1.023, and a mass loss of 1.05 mg. The additive
method allows for a flexible selection of ceramic particles, overcoming the limitations
of the in situ generation method. SiC is an excellent ceramic reinforcement because of
its high hardness, excellent wear resistance, superior thermal conductivity, and high-
temperature oxidation resistance; it is often selected as the reinforcing phase for metallic
materials. Xu et al. [53] prepared SiC particle-reinforced CoCrFeNiCu composite coatings
on the surface of 316 L stainless steel using the laser melting technique. The CoCrFeNiCu
(5iC)x HEA coating is a face-centered cubic structure, and a second phase consisting of
Cr;Cjs is formed at the grain boundaries. Grain boundary strengthening improves the
hardness, wear resistance, and corrosion resistance. For the CoCrFeNiCu (5iC);5 HEA
coating, the microhardness, wear, and friction coefficients were 568.4 HV, 0.9 mg, and 0.35,
respectively. With the increase of SiC content, the corrosion resistance of CoCrFeNiCu
(5iC)x HEA coatings in 3.5% NaCl solution increases. The corrosion performance of the
CoCrFeNiCu (SiC); g coatings is better than the other coatings, and the wear resistance,
tribological properties, and corrosion resistance of CoCrFeNiCu high-entropy alloy with the
addition of SiC ceramic phase are significant. The wear resistance, tribological properties,
and corrosion resistance of CoCrFeNiCu high-entropy alloy with SiC ceramic phase are
significantly improved. In the high-entropy alloy composite coatings with added ceramics,
changes in the atomic ratio of certain constituent elements in the high-entropy alloy base
will cause a phase change in the coating and thus improve the coating properties and the
effect of changes in the atomic ratio in the high-entropy coatings on the properties of the
composite coatings can be conveniently realized by the additive method. Xu et al. [54]
investigated the effect of the content of Al and Ti on the properties of the AICoCrFeNiTi
HEA coatings reinforced by SiC particles under laser melting conditions. The influence of
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Al and Ti element content on the characteristics of AICoCrFeNiTi coatings reinforced with
SiC particles under laser melting conditions was examined. The microstructures, phase
compositions, mechanical properties, and corrosion resistance of the coatings with and
without SiC particles were analyzed and compared, offering novel research to elucidate the
advancement of high-strength and high-wear-resistant high-entropy alloy coatings. The
results show that SiC particles decompose into Si and C during liquid phase deposition.
The cubic phase L;; in the Al 5 alloy coatings precipitates out of the disordered BCC matrix
and transforms into the coarse lath-like organization composed of the Ly; and FCC matrix
in the Aly5/SiC coatings. Meanwhile, the braided network structure in the Alyg/SiC
alloy coatings was more refined with the increase of the volume fraction of the B2 phase.
The hardness of the Alg/SiC alloy coatings increased from 637 HVj; to 718 HV», and
the coefficient of friction was reduced from 0.40 to 0.31. The presence of SiC particles
exerted a detrimental impact on the microhardness of the Aly5/SiC alloy coating, leading
to a decrease from 743 HV(, to 679 HV(,. This was attributed to the coarsening of the
microstructure and an increased fraction of the supple FCC solid solution. The formation of
a fine cubic Ly; phase in the disordered BCC matrix in the Al 5 alloy coatings was replaced
by a lath-like coupled organization consisting of FCC and Lj; phases. As a result, the
coating microhardness shows a decreasing trend.

High-content ceramic particles reinforced laser fusion composite coatings are brittle
and generate huge thermal stresses during the laser fusion process, which often leads
to the presence of cracks. The selection and design of metal matrix materials is an effec-
tive way to solve the cracking problem of metal-ceramic composite coatings. Due to the
special composition design, high-entropy alloys (HEAs) have excellent wear resistance,
corrosion resistance, and high-temperature softening resistance. In particular, HEAs with
face-centered cubic (FCC) single solid-phase structures exhibit good toughness and cor-
rosion resistance but low hardness and strength. Combining FCC HEAs with ceramic
particles can obtain composite coatings with high strength and toughness. Ma et al. [55]
successfully prepared a crack-free 60 wt% WC particle-reinforced FeCoNiCr high-entropy
alloy composite coating. The composite coating consists of a face-centered cubic (FCC)
solid-solution phase, WC, W,C, and CosW,C. The composite coating consists of dendrites,
massive precipitated phases, and herringbone-like precipitated phases distributed around
the WC particles. The composite coating has no obvious weaving structure. The average
microhardness of the composite coatings was 506 HV g5. The average coefficient of friction
and wear volume loss were 0.474 and 0.041 mm?3, respectively, significantly improving the
coatings” hardness and wear resistance.

When the physical properties of the ceramic particles and the alloy matrix are different,
increasing residual stresses within the coating as the ceramic addition increases can lead to
cracks within the coating. According to studies [56—60], the best option to reduce residual
stresses and enhance wear and corrosion performance is to use gradient coatings with
continuous compositional content variations. Functional gradient coatings on ceramic
and metallic materials lead to coatings with continuous gradient behavior in terms of
organization and properties. These coatings meet the specific performance requirements at
different locations of the part and address the defects associated with poor bond strength
and rapid changes in properties at the metal/ceramic interface. Wang et al. [61] and Chen
et al. [62] showed that gradient coatings improve the performance of ceramic composite
coatings to a large extent and provide new ideas for surface modification and repair of
parts. Zhang et al. [63] explored a new method of ceramic-reinforced CoCrFeNiMog»
high-entropy alloy composite gradient coating in order to strengthen the high-entropy
alloy with a face-centered cubic structure, and the design of the coating on the substrate
surface. SiC was not added to the first layer of material to improve the bonding strength
between the coating and the matrix, and the SiC content was increased layer by layer.
Process optimization parameters were used, and each layer was cooled for three minutes
after fusion coating to reduce heat accumulation. The cross-sectional SEM images of the
gradient coatings are shown in Figure 7, with good bonding between the coating and
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the substrate and between the coating and the interlayer, no cracks within the coating,
and obvious porosity in the fourth layer, and the morphology of the coatings is directly
correlated with the increase in SiC content. When a high-power laser melts, silicon carbide
mainly decomposes into graphite and silicon vapor. Some carbon atoms dissolve in
the solid solution, while others combine with other alloying elements to form carbides.
Excessive decomposition of silicon carbide leads to an excess of elemental carbon. In a
high-temperature melt pool, the carbon adsorbs to each other and covers the gaseous
material, slowing down the release of the gas. The melt pool solidifies rapidly, and the
gases have no time to escape. As a result of the pressure, a structure with large pores on the
coating and small pores underneath is eventually formed. The gradient coatings prepared
using this method possessed good frictional and mechanical properties, with the second,
third, and fourth layers exhibiting significantly higher average hardnesses, measured at
594 HV, 722 HV, and 788 HYV, respectively, which can be attributed to the presence of a
body-centered cubic structure, carbides, and grain-boundary strengthening effects. The
hardness of these layers is three to four times higher than that of the first layer. The wear
mechanism changes from adhesive wear to abrasive wear as the number of coating layers
increases. The wear rates of the second, third, and fourth layers were all reduced by at least
87% compared to the first layer. However, different forms of abrasive wear were observed
between these layers. The results of this study have important engineering implications.

1D Epamn

Figure 7. (a) full view of the cross section of the gradient coating; (b) the bonding area between the
substrate and the coating; (c¢) combined area of the first and second layers; (d) combined area of the
second and third floors; (e) combined area of the third and fourth floors [63].

The additive method is currently focused on the high-entropy alloy to add a ceramic
phase, high-entropy alloy of certain elements in the change on the addition of ceramic phase
after the coating performance, gradient composite coatings, and other research methods
as shown in Figure 8, each method of ceramic particles added to the content and size of
the different will have an impact on the coating organization and thus affecting the perfor-
mance of the coating. Compared to the in situ generation method, the additive method
can flexibly control the size and content of ceramic particles in the coating. Although
the coating obtained via the additive method is easy to produce micro-cracks along the
direction of the ceramic particles, via the control of the ceramic content, particle size, and
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process parameters, it can effectively control the cracks produced by the coating to obtain
excellent performance.
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Figure 8. Summary chart of additive method studies.

3. Discussion

There are many factors affecting the surface quality and coating properties of high-
entropy alloy composite coatings, which can be mainly classified into three categories. As
shown in Figure 9, the first category is the laser process parameters and laser characteristics,
such as laser power, spot size, focal length and laser wavelength, beam profile, polarization,
and so on. The second category is the substrate surface parameters such as protective
gas, scanning path, scanning speed, lap rate, and preheating and heat treatment of the
substrate. The third category is the properties of high-entropy alloy composite coatings.
The method of introducing ceramic particles, the size of ceramic particles, the content
of ceramic particles in the high-entropy coating, and the uniformity of ceramic particles
within the coating all have a non-negligible effect on the properties of high-entropy alloy
composite coatings. This paper focuses on the collation and in-depth discussion of the
influence of the third category of influencing factors on the microstructure and macroscopic
properties of ceramic phase-reinforced high-entropy alloy composite coatings. The main
approaches for preparing ceramic phase-reinforced high-entropy alloy composite coatings
using the laser melting method are the in situ generation method and additive method.
The in situ generation method utilizes laser thermal energy to generate the ceramic phase
by chemical reaction in situ. The ceramic phase obtained is uniformly distributed, and the
coating forms a good metallurgical bond with the substrate, which can reduce the stress
concentration on the coating, thus effectively reducing the phenomena of coating cracking
and ceramic particle detachment. The ceramic particles synthesized by this method are
much finer, which can effectively prevent the growth of grain branching and thus refine the
grains. However, it is difficult to control the content of ceramic particles in the coating by
the in situ generation method, making it challenging to obtain high-entropy alloy coatings
with high ceramic content. Compared with the in situ generation method, the addition
method shows a more controllable coating composition, which enables to obtain high-
entropy alloy coatings with high ceramic content, and the size of ceramic particles in the
coatings can be precisely controlled. However, it is prone to phenomena such as cracks
and micropores inside the coating, which makes it difficult to obtain uniformly distributed
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ceramic particles. In general, selecting the appropriate preparation method based on the
properties of the desired coating can effectively minimize coating defects and result in
a high-quality coating. Overall, the specific choice of preparation method needs to be
rationally selected according to the performance of the desired coating so as to obtain a
high-quality coating. Based on the above discussion, we further summarized the data in
the reported literature on the effect of coating preparation methods on the microstructure
and properties of coatings, as shown in Table 1.
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Figure 9. Factors affecting ceramic phase-reinforced high-entropy alloy composite coatings.

Table 1. Overview of process parameters, HEA compositions, ceramic particles, microstructures, and

major properties.

Preparation

Process Substrate

Ceramic

Phase

Optimal

Method Parameters Materials HEAs Particles (Minor-Major) Performance Ref.
LP 1500 W
SR7.5mm/s 304 stainless i . . H =4985HV
SD 3 mm steel CoCrCuFeNiSij » TiC FCC,TiC WV = 042 mm? [31]
OR 40%
LP 2400 W -
AlCoCrFeNiTix
SR 5 mm/s AISI 1045 R . . H=2860.1 HV
SD4.6 mm steel x= 0(3 2'21' g')4' 0.6, TC Two BCC,TiC HWR =58 x 10-° mm’N-1m-t  [32]
OR 40% T
LP 1500 W .
Ti-6Al-4 V
SR 5 mm/s e . . . H =886.9 HV
SD 3 mm t1t:1r11(1)um CoCrMoNDbTi TiC BCC; and BCC,,TiC WR = 3.83 x 104 mm®N-1m-1 [34]
OR 35% y
I LP 1000 W
n situ SR 18 mm/s . ) . H =1006.3 HV
SD 35 mm Q235 steel AlCoCrFeNi Mo, TiC BCC,TiC, E, = 243.3 Gpa [39]
OR 30%
LP 1500 W .
Ti-6Al-4V
SR5mm/s e . . P H =954.11 HV
SD 3 mm t1t:1111(1)um CoCrMoNbTi TiC,TiB BCC,TiC,TiB E, = 240.35 Gpa [45]
OR 35% y
LP 600 W
SR 8 mm/s HI13 steel AICoCrFeNiSi Ti(C, N) FCC,BCC,B, I =934 HV [46]
SD1 WL =12mg
mm
LP 1500 W Ti-6Al-4V . _
SR 800 mm /min titanium MoNbTaW TiN/(Nb, 13Ny / (N, Ti)sSis, BCC H=62807HV [64]
Ti)sSis WV =0.95x 107" um
SD 2 mm alloy
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Table 1. Cont.

Preparation Process Substrate HEAs Ceramic Phase Optimal Ref
Method Parameters Materials Particles (Minor-Major) Performance :
LP 1300 W
SR5mm/s 4Cr5MoSivl FeMnCrNiCo TiC FCC,TiC H=2883HV [51]
SD 3 mm die steel
OR 30%
SD 3 mm Q235 steel AlCoCrFeNi NbC FCC,BCC,NbC WL =12 mg [52]
OR 30% FC=1.023
LP 2000 W 316 1L H=563.4HV
SR 180 mm/min stainless steel CoCrFeNiCu SiC FCC,SiC,Cr;Cs Ba=471.6 mv [53]
SD 20.4 mm CR =0.040087 mm/a
Addition LP 2000 W B _
SR 11 mm/s AISI1045 AIxCoCrFeNiTil-x Sic FCC,BCC,L2 H =743 HV [54]
steel Ni, AlTi FC =0.31
SD 4 mm
LP 1600 W
SR 10 mm/s 316 L . H =506 HV
SD 4 mm stainless steel FeCoNiCr we FCC,WCW,C,CoaW-C WV =0.041 [55]
OR 50%
LP 2100 W
SR 800 mm/s 45 steel CoCrFeNiMog 2 SiC FCC,BCC,M»3C,M7C3 H=788HV [63]
SD 3 x 3 mm
LP 1300 W . . .
. CrMnFeCoNiM . TiC:FCC,TiC
SgDé ;“mmrg s 304 z:zgless (M = TiC, NbC, T‘Cé Iz]:bc' NbC:FCC.NbC COF = 0.15-0.25 [65]
OR 30% B4C) * B4C:M,B, My3C6 FCC

The elements Co, Cr, Fe, and Ni have similar atomic radii, which make it easy to form
a single FCC or BCC phase. The BCC phase shows high strength and hardness but poor
toughness; and the FCC phase presents high plasticity but low hardness. Many scholars
introduced the elements Al, Ti, Mo, and V with large atomic radii into this alloy system
to enhance the lattice distortion of high-entropy alloys, thus promoting the generation of
the BCC phase. On the basis of this high-entropy alloy system, the introduction of ceramic
particles using different preparation methods may effectively improve the properties of
high-entropy alloys, such as hardness and wear resistance. It is clear from Table 1 that in
the use of in situ generation method to obtain ceramic particles, most scholars adopt the
introduction of non-metallic elements such as C, N, B, etc., which form trace intermetallic
compounds with Ti elements in situ and are uniformly distributed in the coatings with
the effect of dispersion strengthening, solid-solution strengthening, and grain refining,
and thus significantly improve the hardness, abrasion resistance, and plastic deformation
resistance of the coatings. As for the addition method, it mostly focuses on the introduction
of ceramic particles such as SiC, TiC, NbC, B4C, and WC. Since the addition method is
flexible in controlling the content of ceramic particles in the coating, the ceramic content
in the coating is usually higher than that of the in situ generation method, thus obtaining
coatings with higher hardness and better abrasion resistance.

Regarding the preparation of high-entropy alloy composite coatings using the laser
cladding method, although it has the characteristics of small deformation, high densi-
fication, low dilution rate, and good metallurgical bonding, there are still some minor
deficiencies at present. The coatings prepared using the laser cladding method usually
have four kinds of defects: cracks, porosity, residual stress, and rough casting organization
with high chemical inhomogeneity. These phenomena have a non-negligible impact on
the coating’s quality and properties, and we need to adopt certain methods to reduce the
defects in the preparation of high-entropy alloy composite coatings. Therefore, on the basis
of choosing a suitable method of introducing ceramic particles, laser cladding defects can
be reduced or eliminated in four ways. As shown in Figure 10, the main cause of cracks
in the coating is the high-temperature gradient between the cladding and the substrate.
Most authors have investigated the effect of heating the substrate prior to laser cladding
on the quality of the coating, and positive results have been observed [66]. Liu et al. [32]
obtained good quality high-entropy alloy composite coatings by preheating the substrate
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at 200 degrees Celsius when preparing TiC-reinforced AlCoCrFeNi high-entropy alloy
composite coatings. Therefore, the preheating treatment of the substrate before fusion
coating can effectively alleviate the phenomenon of cracking of the coating with high
thermal stress after fusion coating. Then, in order to improve the metallurgical bonding
between the coating and the substrate, many scholars have tried to introduce an intermedi-
ate layer between the substrate and the coating to reduce the residual stress and improve
the cracking phenomenon. This provides new design ideas to enhance the quality of the
prepared composite coatings and reduce coating defects. At the same time, the selection of
appropriate laser cladding parameters via experiments has an important reference value
for improving the defects on the inner surface of the coating.

Figure 10. LC-HEAs defects and eliminates the problems of laser cladding methods.

An appropriate scanning strategy and suitable process parameters are crucial for
obtaining crack-free microstructures. The laser process parameters mainly include laser
power, laser scanning speed, spot diameter, powder delivery, lap rate, preset coating thick-
ness, etc., among which the laser power and scanning speed are the main factors affecting
the coating quality. The majority of research has concentrated on investigating the impact
of laser process parameters on the coating properties of high-entropy alloys, with limited
attention given to the exploration of laser process parameters on the coating properties of
high-entropy alloys reinforced with ceramic phases. The optimal scanning power and scan-
ning speed based on different systems in the existing literature are summarized as shown in
Figure 11, which shows that the optimal laser power concentrates between 1300 and 2000 W
and the optimal scanning speed lies in the range of 5-14 mm/s [31,32,34,39,45,46,51-55,64].
Therefore, this range may provide a reference for the selection of process parameters for
the subsequent laser cladding process. With the development of simulation software, laser
cladding process parameters can be optimized by cladding process simulation, which
provides a reference for selecting the best process parameters. To improve the phenomena
of elemental segregation, rough cast structure with high chemical heterogeneity, and poros-
ity inclusions in the coating, hybrid technology is needed in the cladding process. Wen
et al. [67] used a combination of substrate preheating and ultrasonic-assisted technology to
obtain FeCrCoAIMn0.5Mo0.1-based HEACs with no defects and good wear and corrosion
resistance. At the same time, the heat treatment technology for the high-entropy alloy
composite coating after cladding can effectively diminish the grain boundary anti-cracking
sensitivity and improve the wear resistance of the coating. Meanwhile, the heat treatment
process of ceramic phase-reinforced high-entropy alloy coating is less studied, and the or-
ganizational evolution of ceramic phase-reinforced high-entropy alloy composite coatings
via the heat treatment process is still uncertain; these directions are the focus of = future
research on composite high-entropy alloy coatings.
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Figure 11. Power and scanning speed of ceramic phase-reinforced high-entropy alloy composite
coatings.

4. Conclusions

Ceramic phase-reinforced high-entropy alloy composite coatings show excellent hard-
ness, abrasion resistance, corrosion resistance, and high-temperature oxidation resistance,
which may improve the service life of mechanical equipment and has broad industrial
application prospects. In recent years, more and more researchers have committed to
the study of high-entropy alloy composite coatings, but high-entropy alloy composite
coatings are still in the primary stage of development. This paper reviewed the current
research results, and the future developments of high-entropy alloy composite coatings are
summarized as follows:

(1) Simulation research of high-entropy alloy composite coating. The current simulation
of high-entropy alloy coating is primarily based on first principle calculation, molec-
ular dynamics simulation, and phase diagram calculation. These methods aim to
predict the formation behavior of high-entropy alloy and simulate the melting process
of the coating. However, the existing simulation software lacks accuracy in simulating
the coupling of multiple physical fields (such as temperature, fluid, and stress) during
the laser melting and cladding of high-entropy alloy composite coatings. Additionally,
it does not have a comprehensive selection of coating materials, including powder
particle size and preparation process. As a result, most research on high-entropy alloy
composite coatings still relies on repeated experiments. To overcome these limitations,
it is necessary to enhance the simulation software by introducing new options for
material parameters and preparation processes. This will enable a flexible, efficient,
and cost-effective research and development process.

(2) High-entropy alloy composite coatings in extreme conditions. Existing research on
the performance of ceramic phase-reinforced high-entropy alloy composite coatings
mostly focuses on mechanical properties, friction properties, and electrochemical
corrosion properties at room temperature. Research on extreme conditions such as
thermal fatigue performance, ultra-low temperature performance, irradiation resis-
tance, and other properties is less. Via the study of its performance under extreme
conditions, it is expected to be applied to the surface protection of key components un-
der special conditions, such as aerospace turbine blades, oil drilling parts, biomedical
fields, superconducting materials, etc.

(8) New process research. Ceramic phase-reinforced high-entropy alloy composite coat-
ings are prone to defects such as porosity and cracks in the coating during laser
melting and cladding. The development of new processes such as laser—ultrasonic
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vibration composite, electric field-magnetic field synergism, and other multi-physical
field composite processing processes can effectively mitigate the generation of coating
defects. Obtaining high-quality coatings via new processes may facilitate industrial-
ized production applications.

(4) The study of different kinds of ceramic contents and self-lubricating phases in high-
entropy alloy composite coatings. With the increase of ceramic content in high-entropy
alloys or the mismatch between the selected ceramic phase and the high-entropy
alloy system, will lead to defects such as porosity and cracks in the fusion coating
process. This is due to differences in chemical potentials, thermal coefficients of
linear expansion, etc. A self-lubricating phase is usually introduced to improve
coating defects. Thus, it is of great interest to further investigate the different types of
ceramic contents and suitable self-lubricating phases in composite coatings to improve
coating defects.
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Abstract: High-hardness iron-based alloy coatings are extensively utilized in aerospace, automotive,
and industrial equipment due to their exceptional wear resistance and long service life. Laser
cladding has emerged as one of the primary techniques for fabricating these coatings, owing to its
rapid cooling and dense microstructure characteristics. However, the production of high-hardness
iron-based alloy coatings via laser cladding continues to face numerous challenges, particularly
when controlling the morphology, quantity, and distribution of the reinforcing phases, which can
lead to cracking during processing and service, thus compromising their usability. The cracks of the
cladding layer will be suppressed through good microstructure design and control, resulting in a
wide range of performance for high-hardness Fe-based alloy coatings. This paper reviews recent
advancements in the design and control of the organization and structure of high-hardness iron-based
alloy coatings from the perspectives of material composition, processing parameters, and external
assistance techniques. It summarizes the properties and applications of various materials, including
different alloying elements, ceramic particles, and rare earth oxides, while systematically discussing
how processing parameters influence microstructure and performance. Additionally, the mechanisms
by which external auxiliary energy fields affect the melt pool and solidified microstructure during
laser cladding are elucidated. Finally, the future development directions of laser cladding technology
for high-hardness iron-based coatings are anticipated, emphasizing the need for further quantification
of the optimal coupling relationships among the gain effects of composite energy fields.

Keywords: laser cladding; surface strengthening; Fe-based alloy; high hardness; microstructure
design and control

1. Introduction

As critical equipment components face increasingly stringent operating conditions
and as materials science continues to evolve [1,2], there is a heightened demand for the
development and application of high-hardness coatings [3]. Compared to traditional
methods such as plasma welding and thermal spraying, laser cladding offers significant
advantages in producing high-hardness coatings. This is due to its rapid cooling rate,
high deposition efficiency, and capability to produce fine and dense microstructures in
the formed component [4-6]. However, the rapid heating and cooling characteristics
inherent in laser cladding [7,8], along with the differences in melting point and thermal
conductivity of the coating materials [9,10], can result in high temperature gradients during
the coating formation process, leading to elevated residual stresses, stress accumulation,
and solidification segregation. These factors collectively increase the susceptibility to
cracking. Particularly when preparing high-hardness coatings using laser cladding, the
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balance—or competing relationship [11]—between strength and toughness can further
intensify the cracking phenomena. Such cracking issues pose significant challenges to the
broad adoption of these coatings in industrial settings.

Compared to Co-based [12] and Ni-based [13] alloys, the primary advantage of Fe-
based alloys is their widespread availability and affordability [14]. Furthermore, as the
matrix materials for many engineering components in contemporary applications are pri-
marily steel-based structural materials, utilizing iron-based cladding materials ensures
excellent wetting properties, resulting in a robust bond with the substrate [15-17]. However,
laser cladding with iron-based alloy powder has certain limitations. These include poor self-
fusibility, reduced oxidation resistance, and susceptibility to porosity and inclusions [18-20].
Moreover, high-hardness iron-based coatings often have a higher concentration of brittle
phases, such as borides and carbides [19], which can induce cracking during the rapid
thermal cycling inherent in the cladding process. These phenomena can cause coating
failures and render the coating’s microstructure inadequate for the stringent requirements
posed by high-load friction and wear components [21]. The precise structural design and
regulation of laser-cladded high-hardness iron-based alloy coatings are necessary to sup-
press the initiation and propagation of intergranular cracks during their manufacturing and
operational phases, thereby enhancing the surface properties of coatings, including wear
resistance, corrosion resistance, and high-temperature oxidation resistance. Advancing
these methods is crucial for promoting the application of high-hardness iron-based alloy
laser cladding.

Concerning the microstructural design and regulation of high-hardness Fe-based alloy
coatings, this study first delves into the impact of the coating material’s composition (alloy
elements, ceramic particles, and rare earth oxides) on the microstructure and attributes
of the coatings. Next, it highlights the regulatory influences of laser process parameters
(such as laser power, scanning speed, and powder feeding rate) and auxiliary treatment
processes on the solidification microstructure and coating properties. Finally, challenges
encountered in the preparation of laser-cladded high-hardness Fe-based alloy coatings are
detailed and examined, and prospective research directions are outlined.

2. Composition of Coating Materials

The performance of the cladding layer is predominantly determined by the cladding
material [22]. Therefore, a logical and scientific design of the cladding powder formula
emerges as a vital aspect of experimental research. Beyond aligning with requirements such
as similarity in melting points, superior wettability, and comparable thermal expansion
coefficients, the design of cladding materials should also leverage their inherent perfor-
mance advantages. An appropriate composition design of the powder material is pivotal
for achieving high-quality alloy coatings. Considering these aspects, we present a review
of the current research endeavors focused on enhancing the performance of Fe-based alloy
coatings. This enhancement is achieved by modifying alloy elements, incorporating ceramic
particles, and adjusting the composition ratios of cladding materials with the addition of
rare earth oxides.

2.1. Alloy Element Design

Owing to the distinct atomic sizes, chemical properties, and structural characteristics
of various elements, their ability to impede dislocation motion directly contributes to
the alloy’s high strength. Techniques such as altering the lattice structure of the matrix to
facilitate grain refinement and increasing the quenching capacity of the matrix can indirectly
enhance the alloy’s strength. Broadly, different alloy elements exert varied influences
on their resulting microstructures and their comprehensive properties [23]. It becomes
essential, then, to account for the impacts of these diverse elements on the microstructure
and properties and to judiciously select alloy elements in line with laser cladding specifics.
Therefore, an in-depth comprehension of the mechanisms behind the influences of these
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alloy elements is instrumental in the development of high-performance alloy coatings.
Table 1 summarizes the mechanisms of action for common alloying elements.

Table 1. Mechanisms of common elements.

Element Mechanism

The addition of this element can enhance carbon activity and promote the

B formation of carbides [24,25].
si The addition of this element can enhance both dislocation strengthening
and solid solution strengthening [26].
Mo The addition of this element can increase the lattice distortion, easily refine

the alloy structure, and improve the hardness and other properties [27].

The addition of this element can increase the lattice distortion and the
Nb high-hardness Laves phase which is easy to precipitate, thus improving the
hardness of the coating [28].

The addition of this element can enhance grain refinement strengthening

v and improve the corrosion resistance of the coating [29].
The addition of this element can enhance austenite stability and reduce the
Mn o1 .
permeability of the coating [30].
Cr The addition of this element can enhance both grain refinement

strengthening and solid solution strengthening [31].

B elements exhibit a lower diffusion rate within hard phase structures and possess
a reduced solubility in the metallic matrix. The enrichment of B elements can influence
phase transformations and decrease the energy required for phase formation. The types
of eutectic carbides in conventional high-strength iron-based coatings are primarily M,C,
MC, and MgC, which are characterized by their limited ductility. On the other hand, M3C
demonstrates superior fracture toughness. Lentz et al. [24,25] found that introducing an
appropriate quantity of B elements can promote the precipitation of the Fe3C eutectic
structure within iron-based composite materials. B elements can also enhance the carbon
activity in the liquid phase, enabling the easier precipitation of Fe3C eutectic structures even
in regions with diminished carbon content. Feng et al. [32] incorporated trace amounts
of B while fabricating a 42CrMo iron-based coating. As illustrated in Figure 1, with a
progressive increase in the B content of the coating, the reinforcing phase transformed
from NbC-type carbides to Cry3Cg-type carbides, ultimately transitioning into Fe3C-type
carbides. Integrating B proves beneficial in lowering the formation energy of Fe;C. Upon
reaching a B content of 0.75%, a eutectic microstructure composed of Fe3C-type carbides
and y-Fe is formed, with a hardness exceeding 900 HV( 5. (The value 0.5 indicates the
Vickers hardness measured under a load of 500 g, while 0.1, 0.12, 0.2, 0.3, and 1 in the
following text represent the Vickers hardness measured under loads of 100 g, 120 g, 200 g,
300 g, and 1000 g, respectively). Under this condition, the coating exhibits peak compressive
strength and ductility.

The incorporation of Si elements is pivotal in laser cladding. It effectively inhibits
grain growth and facilitates grain refinement. Wang et al. [33] investigated the impact of Si
content on the microstructure and performance of FeCoNiBSiNDb laser-cladded coatings. An
optimal amount of Si suppresses the formation and growth of dendritic structures, yielding
a more homogeneous coating microstructure. The coating’s average hardness surged from
719 HV( 1 (without Si) to 930 HV) 1, paired with an increase of approximately 700 MPa in
fracture strength. In another study, Liang et al. [34] integrated single-crystal silicon powder
in varying mass fractions to enhance the quality of Fe60 alloy coatings. Their findings
suggested that an appropriate Si content improved the bonding efficacy between the
substrate and the coating while also enhancing the microstructural homogeneity. At a mass
ratio of 20:1, the coating hardness peaked at 66 HRC. Additionally, Dong et al. [26] observed
that in 316 L stainless steel coatings, the introduced Si elements accumulated as nano-sized
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silicon dioxide particles at the cellular substructure’s grain boundaries. Under the influence
of thermal stresses during solidification, these nano silicon dioxide particles induced
the formation of dense dislocation structures around them. Such dislocation structures
disrupted the growth of columnar solidification structures, enhancing the formation of
cellular structures. This process improves the coating’s performance and microstructure.

B
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Figure 1. Carbides present in 0% B, 0.5% B, and 0.75% B coatings: (a—c) scanning electron mi-
croscopy images of carbides; (d—f) transmission electron microscopy images of eutectic structure and
corresponding selected area electron diffraction of carbides; and (g—i) phase image of carbides [32].

Mo is a vital alloying element in steel and cast iron, renowned for its pronounced
hardenability and solid-solution-strengthening effects. Li et al. [27] found that incorporating
Mo into Fe901 alloy coatings refines the grain structure and promotes the formation of
hard phase Mo, FeB,. Mo tends to aggregate near grain boundaries, facilitating both grain
refinement and solid solution strengthening. The average hardness of the coating with
4.8 wt% Mo content reached 720.2 HV», approximately 3.6 times that of the substrate. In
a separate study, Chen et al. [35] prepared Fe-Mo coatings with varying Mo content on
65 Mn steel plowshares. Introducing Mo caused the precipitation of brittle phases, such
as the o phase, distributed along grain boundaries, resulting in a minor decline in coating
impact toughness. However, as the Mo content increased, dendritic growth was promoted,
leading to finer grain sizes. Consequently, the coating hardness peaked at 894 HV 12, nearly
double that of the matrix. Cao et al. [36] investigated the influence of Mo content on the
microstructure and properties of Fe-Cr-Ni-B-5i composite coatings. An optimal Mo content
transformed the Fe-based composite coatings” microstructure from coarse columnar grains
into a disordered amorphous matrix, accompanied by the generation of nano-precipitates.
This transformation significantly increased the coatings” microhardness to 1100 HV( 5 and
improved their resistance to plastic deformation. Ma et al. [37] performed laser cladding
of iron-based coatings with varying Mo content on Q235 steel surfaces. With increasing
Mo content, the coating’s structure progressively refined. The content of high-hardness
M,3(C, B)s-type boron carbides in the eutectic structure increased while the formation of the
softer M7(C, B);-type boron carbides diminished. This wear resistance improvement resulted
in coating microhardness levels consistently exceeding 700 HV 5, with only minor variations.
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Compared to other elements, Nb possesses a notably large atomic radius, low solubil-
ity with other elements during solidification, and a propensity to cluster at the solid-liquid
interface, inhibiting grain growth. Wang et al. [38] fabricated Fe-Cr-Mo-Co-C-B-Nb alloy
coatings on 45 steel surfaces with Nb mass fractions of 0%, 2%, 4%, and 6%. As demon-
strated in Figure 2, the crystalline zone at the interface between the substrate and the
coating diminishes with increasing Nb content. From the enlarged view of A in Figure 2a,
it can be seen that there are many pores in the bonding zones without Nb addition. The
inclusion of Nb results in the disappearance of pores in the bonding zone, leading to a
more cohesive interface and improved bonding strength. Additionally, introducing a mod-
est amount of Nb to both low-carbon steel and stainless steel not only causes significant
lattice distortion but also promotes the formation of fine secondary phases, substantially
enhancing the mechanical attributes of the cladding layer. In a separate study, Liu et al. [28]
infused varying Nb concentrations into 316 L stainless steel cladding coatings. As the Nb
content increased, lattice distortion occurred, bolstering the solid solution effect, refining
the grain size, and augmenting the formation of new Laves phases. These factors enhanced
the coating’s hardness. Moreover, with the integration of Nb, it accumulates on the surface,
forming an oxidized Nb film. Coatings containing a 1% Nb mass fraction demonstrated
superior corrosion resistance. However, an excessive Nb presence increased susceptibility
to corrosion, consequently compromising the coating’s corrosion resistance.

amorphous zone

amorphous zone

crystalline zone

(a) With Nb mass fraction of 0% (b) With Nb mass fraction of 2%

amorphous zone
amorphous zone

crystalline zone

EALIL S e
it Ao Srrmrmeditesied— e [

(c) With Nb mass fraction of 4% (d) With Nb mass fraction of 6%

Figure 2. Microstructure of the coatings with different Nb mass fractions [38]. (“A” refers to the
yellow boxed area in (a), with an enlarged view of “A” in the upper right corner. “B” refers to the
white area in (d), while the white area is rich in Nb and Mo elements.).

In iron-based alloys, constituent elements vary in atomic size, chemical properties, and
structural characteristics. The interactions among these elements result in the formation of
diverse alloy phases. The attributes, structure, and concentration of these phases directly in-
fluence the alloy’s performance. Addressing the need for laser cladding re-manufacturing of
corrosion-resistant and wear-resistant critical components, Shan et al. [39] utilized a “mate-
rial genetics” design approach based on classical phase theory for iron-based alloys. They es-
tablished a material gene design database system, emphasizing key gene designs pertinent
to corrosion and wear. Their optimization yielded a novel 50Cr12Ni3Mo2W6Co5BiTi3CeO,
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iron-based alloy composition. In contrast to the 50Cr6Ni2Y alloy prepared using tradi-
tional composition design methods, this new iron-based alloy coating exhibited enhanced
resistance to corrosion and wear. Yao et al. [40] employed a supersaturated solid solution
alloy design to fabricate Fe-C-Cr-Ni-Mo-W-V-Ti-Ce powder. The resultant coating featured
martensite, residual austenite, and in situ-generated reinforcing particles devoid of surface
cracks. Achieving a hardness of 65 HRC, its hardness, wear resistance, and toughness
surpassed that of the substrate. In real-world applications, the interplays between alloy
composition, microstructure, and performance are intricate. Contemporary research of-
ten focuses on the impact of individual element contents on coating performance. It is
crucial to delve deeper into understanding the interaction mechanisms among the con-
stituent elements and to consider both microstructure and performance from the outset of
material development.

2.2. Adding Ceramic Particles

Beyond incorporating specific elements for second-phase strengthening, introducing
ceramic particles into iron-based alloys is another method to form reinforcing phases, which
enhances the wear resistance of the coatings. This is accomplished using either the “direct
addition” or the “in situ synthesis” method. By merging the high ductility and toughness of
metallic materials with the exceptional qualities of ceramics—such as high hardness, wear
resistance, and corrosion resistance—a synergistic effect emerges, considerably improving
the service performance of components. Table 2 provides a detailed comparison of the
addition methods, hard particles, and the resulting mechanical properties of iron-based

alloy coatings reinforced with ceramic particles.

Table 2. Ceramic particle-reinforced iron-based coating.

Addition Hard Particles Phase Composition Hardness Mechanical Properties Ref.
Method
No cracks; microhardness increased by
Directly added WC FCC, WC, M(C 874 HV(» 4.2 times; significant wear resistance [41]
improvement
. «-Fe, y-Fe, WC, MoC, 937.6 No cracks; significantly improved
Directly added WC-14Co My3Cq HVj1 microhardness; reduced wear amount [42]
. 7 austenite, € No cracks; microhardness increased by over
Directly added wC martensite, FegWC 650 HVo2 2 times; friction coefficient reduced by 1/4 [43]
In situ Hardness increased by 1.43 times; significant
synthesis we o-Fe, (Cr, W)z3Ce, WC - 827 HVo5 friction coefficient decrease [44]
In 51tu' TiC Fe, FeTiOs, TiC 950 HV,y 1 No cracks; hardness wa§. 3 times higher than [45]
synthesis matrix
In situ TiC Ferrite, Fe3C, TiC, 1022 Microhardness and wear resistance increased [46]
synthesis TiCx, FeTi, Fe,Ti HVy» with the increase in TiC or TiCx content
Directly added Cr3Cy + MoS; Fe_Crﬁ;’S(C?:fse )23C6, 746 HV Significantly improved wear resistance [47]
2/
. . Martensite, Cr3C,, 1100 Higher thermal fatigue resistance and wear
Directly added NiCr-CrsCy CryCs, (Cr-Fe);Cs HVg, resistance than matrix [48]
In situ NbC, Fe,B, B4C, solid Significantly improved hardness; abrasive
synthesis NbC solution 866 HVo5 wear shifted to adhesive wear [49]
. Uniform microhardness distribution;
In situ «-Fe, VC, M;C3, C . ’
synthesis \Y@ My3Ce (M: Cr and Fe) 850 HVq» significantly 1mpr0\./ed hardness and wear [50]
resistance
In situ v-Fe, Fe3C, (Cr, Fe);Cs, Significantly increased microhardness of
synthesis ALOs AlL,O3 725 HVoa coating and heat-affected zone [51]
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2.2.1. Direct Addition of Ceramic Particles

The direct addition approach entails the mechanical mixing of ceramic particles with
metal powder. Due to ceramics” high melting point, only a small portion of these particles
melt during the laser cladding process. The remaining unmelted ceramic particles function
as reinforcing phases, providing strengthening effects [52,53].

When ceramic particles are added in insufficient quantities, they fail to provide ade-
quate reinforcement. On the other hand, excessive addition leads to significant disparities
in physical properties, such as thermal expansion coefficients, melting points, and wetting
behavior, between the composite material and the matrix. These disparities can lead to
increased thermal stresses and a rise in the content of eutectic phases as the volume frac-
tion of ceramic particles increases. Furthermore, the distribution of these eutectic phases
becomes more uneven, resulting in a more brittle coating with a higher susceptibility to
cracking [54,55]. Thus, to effectively enhance service performance, it is crucial to control the
mass fraction of the added ceramic particles to produce high-quality coatings free of cracks
or voids. Lu et al. [56] examined the impact of varying WC content on the microstructural
characteristics and wear performance of Fel04 alloy coatings. The W and C elements dif-
fused into the iron matrix, and as WC content increased, a portion of Fe3W3C transitioned
into the more stable and harder FesWC phase. This led to an improved microhardness
and wear resistance of the coating. Zhu and colleagues [57] employed laser cladding
technology to produce 410 martensitic stainless steel coatings with different TiC ceramic
particle concentrations. The inclusion of TiC ceramic particles notably refined the lamellar
martensite. When the content reached 10 wt%, the coating’s hardness surged to 634 HV,,
a significant increase compared to the 462 HV( » hardness of the TiC-free coating. However,
laser-cladded coatings with a high 15 wt% TiC content exhibited microcracks and pores.

The size of ceramic particles can influence their solubility, thereby affecting the mi-
crostructure and properties of the coatings. Li et al. [58] found that small-sized WC had a
positive effect on the uniform refinement of the organization of Fe-based composite coat-
ings, while the opposite was true for large-sized WC. Utilizing laser cladding technology,
Qi et al. [59] developed Fe-WC composite coatings and noted that the combustion loss rate
of WC particles was inversely proportional to the average particle size of localized WC
particles. Zou et al. [60] generated WC powder via plasma rotating electrode atomization
and found that smaller WC particles facilitated enhanced wear resistance.

2.2.2. In Situ Synthesis of Ceramic Particles

The direct addition method offers a wide range of material choices, a straightforward
preparation process, and controllable particle sizes. However, it is susceptible to poor
interface bonding due to differences in thermal material properties, as well as issues related
to the burning of ceramic phases. These issues can lead to coating cracking or delamination,
which can significantly reduce the coating’s lifespan [61]. In 1976, Soviet scholars intro-
duced the concept of in situ composite materials, where different elements or compounds
undergo chemical reactions under specific conditions, producing one or more ceramic
phase particles within the metal matrix [62]. Compared to the direct addition method,
in situ synthesis mitigates concerns related to surface contamination between the matrix
material and ceramic particles. Moreover, in situ-synthesized ceramic reinforcing phases
are uniformly dispersed and distributed within the matrix, ensuring optimal wetting and
interface bonding properties with the matrix [63,64]. Chen et al. [49] used a mixture of
Nb and boron carbide powder to produce in situ NbC-reinforced iron-based coatings on
medium carbon steel surfaces. Figure 3 illustrates the principle of in situ laser cladding
for generating NbC ceramic particles. The composite coatings primarily consist of rein-
forcing phases (NbC, Fe;B, and B4C) and the matrix (solid solution). In situ-formed NbC
particles at grain boundaries enable dispersion and fine-crystal strengthening effects. Ren
et al. [65] employed ultra-high-speed laser cladding technology to fabricate defect-free in
situ VC-reinforced X-M6V coatings. In situ synthesis allows the coating to avoid stress
concentration caused by the aggregation of reinforcing phases, ensuring a more uniform
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particle distribution. The extremely high cooling rate, combined with uniform VC precipi-
tation, contributes to both fine-crystal strengthening and second-phase strengthening, thus
enhancing the coating’s hardness and wear resistance. The coating’s low wear loss and
reduced surface roughness indicate its suitability for use with minimal or no subsequent
finishing. This synergistic approach of ultra-high-speed laser cladding and in situ synthesis
holds potential for broader applications in ceramic-reinforced composite coatings.

Coaxial nozzle\ ——
Laser beam —
Fe - B4C - Nb powder

Fe-Cr-Ni Melt pool
B4C \ NbC Mushy zone

Free surface

Scanning direction
>

Coating Heat-affected zone
Substrate

Figure 3. Principle of in situ ceramic particle synthesis via laser cladding [49].

Due to the poor wetting between ceramics and the metal matrix, the bonding interface
between the ceramic and metal matrix can become a potential source of cracks under
alternating stresses. This issue significantly diminishes the wear resistance and corrosion
resistance of single ceramic-reinforced coatings. In composite ceramics, ceramic particles
interact with each other, effectively preventing the detachment of ceramic particles from
the coating matrix [66]. This has made them an emerging focus in industrial applications.
Zhu et al. [67] successfully fabricated an Al,O3/TiC composite ceramic coating on a 16Mn
steel substrate using Fe60 alloy powder and Ti3SiC, particles. They observed that the TiC
carbides of Al,Os/TiC composite ceramics have a dragging effect on the Al,Os precipitates
and prevent the reinforcements from being ripped out from the matrix.

2.3. Addition of Rare Earth Oxides

Rare earth elements, often termed “industrial gold”, are prized for their unique elec-
tron structure and highly reactive chemical properties. In metallurgy, they are frequently
utilized as spheroidizing and nucleating agents to enhance casting quality. Upon interac-
tion with oxygen and sulfur, rare earth elements readily form high-melting-point oxides
and sulfides, thereby facilitating the deoxidation, desulfurization, and morphological trans-
formation of inclusions. Appropriately introducing rare earth elements into laser cladding
powders can effectively control the coating’s microstructure, improve its morphology, and
enhance its surface properties [68,69].

During the cooling process of coatings, rare earth oxides can serve as crystalliza-
tion nuclei, increasing nucleation rates. They tend to accumulate near grain boundaries,
obstructing grain growth and thereby improving the coating’s hardness and wear resis-
tance [70]. Jiang et al. [71] added Y,0O3 when preparing FeCrAlTiC coatings and found
that Y,0O3; reacted with TiC near the grain boundaries to form two oxides, Y;TiO; and
Y, TiO5, which changed the morphology of TiC from short rod-like to spherical, resulting in
a decrease in the wetting ratio at the grain boundaries. Compared to the coatings without
Y03, the microhardness of the coatings increased by 9.88%. Wang et al. [72] aimed to pre-
vent the formation of coarse columnar grains during the cladding process by introducing
varying quantities of La;Oj3 into the coating, as depicted in Figure 4. Coatings containing 1
wt% Lap O3 displayed no significant columnar grains. However, in 2 wt% La;O3 coatings, a
minimal presence of columnar crystals was noted. Compared to La,Os-free coatings, the
columnar crystals in the 2 wt% LayO3 coating were confined mainly to the interface, and
both their size and quantity were reduced.
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Figure 4. Microstructure of the interfacial binding region and the middle part of the coating:
(a,b) 0 wt% LayOs3; (c,d) 1 wt% LayOs3; and (e,f) 2 wt% LayO3 [72].

An appropriate addition of rare earth elements can enhance the coating’s microstruc-
ture, modify the morphology of ceramic phase particles, and ensure their uniform distri-
bution in the cladding layer. Cai et al. [73] used laser cladding to prepare TiC/Fe-based
composite coatings with CeO, on the surface of Cri;MoV steel. The research revealed
that in the absence of rare earth elements, the TiC ceramic particles exhibited irregular
shapes, significant size variations, and a degree of agglomeration. An appropriate addi-
tion of rare earth elements effectively promoted the spheroidization and refinement of
ceramic particles, ensuring a homogeneous distribution. However, adding excessive rare
earth elements can cause ceramic particle burning loss, inhibit the formation of secondary
precipitates, and result in particle agglomeration. Chen et al. [74] assessed the impact of
adding varying amounts of CeO, on the microstructure and performance of laser-cladded
ceramic-reinforced Feyg 5Cr156Nis 0Sip 7 coatings. They identified that when the CeO, con-
tent exceeded 3%, no TiC particles precipitated within the coating. An excess of rare earth
elements suppressed the secondary precipitation of TiC ceramic particles after the initial
TiC ceramic particles decomposed into Ti and C elements.
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Rare earth elements have a high affinity for oxygen, preventing the oxidation of other
reactive alloying elements. This attribute significantly enhances the coatings’ resistance to
high-temperature oxidation and corrosion. Zhang et al. [75] examined the high-temperature
oxidation resistance of iron-based composite coatings containing the rare earth oxide Y,0O3
at 600 °C. Y03 aggregates at grain boundaries, reducing the diffusion of metal ions
towards grain boundaries. This considerably diminishes the corrosion rate associated with
gas-phase oxidation and inhibits the surface oxidation of the cladding layer.

3. Laser Cladding Process Parameters

Beyond the primary consideration of cladding material, adjusting laser process param-
eters can directly influence the coating’s microstructure and its formative quality. These
process parameters are intricately connected to the coating’s structural properties; modify-
ing them reflects changes in the interactions among the laser, powder, and substrate [18].
Variations in these parameters can impact the heat accumulation during the cladding pro-
cess [76], cooling rates of the molten pool [77], thermal cycling pattern [78], and Marangoni
flow behavior [79]. Consequently, these changes can affect the coating’s microstructure,
performance, and surface quality. Among these, laser power, scanning speed, and powder
feed rate have the more significant impact on coating quality [80].

3.1. Laser Power

Laser power is one of the most critical parameters in laser cladding, directly influencing
the microstructure and properties of the clad layer. Excessive laser power can cause the
over-sintering of the powder, exacerbating deformation and cracking in the cladding layer.
Conversely, insufficient laser power can result in the incomplete melting of the powder
material, leading to issues such as voids and balling. Within a certain range, adjusting
the laser power and changing the power density can regulate the cladding layer’s depth,
promoting dynamic solidification and reducing defects such as cracks and pores. Mao
et al. [81] analyzed the differences in the microstructure and microhardness of iron-based
alloy coatings at two laser power levels: 2.5 kW and 2.8 kW. They observed that, within a
specific power range, as the laser power increased, the melt pool absorbed more heat. This
extended the solidification time, enhanced substrate melting, increased dilution, expanded
dendrite size, and promoted directional solidification. As a result, the hardness of the
coatings decreased from 864-984 HV) 3 to 660-851 HV( 3. Xie et al. [82] prepared Fe314
alloy cladding layers on an EA4T steel substrate using various laser powers (1.5 kW, 1.8 kW,
2.1 kW, and 2.4 kW). As shown in Figure 5, with an increase in laser power, the melt pool
absorbed more heat. This prolonged the time the melt pool remained at a high-temperature
state, allowing more time for grain growth. This led to the formation of larger columnar
grains and diminished the effect of fine-grain strengthening. Consequently, the coating’s
microhardness decreased with increasing laser power.

3.2. Scanning Speed

Scanning speed has a similar impact to that of laser power. When other process
parameters are kept constant, an exceedingly low laser scanning speed prolongs the inter-
action time between the laser beam and the cladding powder. This elevates the coating
temperature and intensifies substrate melting and dilution, resulting in a decline in the
surface quality and wear resistance of the cladding layer. On the other hand, an excessively
high scanning speed reduces the interaction time between the laser beam and the cladding
powder, diminishing dilution and impairing the metallurgical bonding between the coating
and the substrate, thereby reducing wear resistance. Jiao et al. [83] deposited a layer of
T15M high-speed steel alloy powder onto a Q235 substrate at different scanning speeds
(100 mm/min, 200 mm/min, and 300 mm/min). Among the three, the coating produced at
a scanning speed of 200 mm /min exhibited the smallest grain size, highest solid solubility,
and most substantial average hardness, reaching 1050 HV ;. However, as the scanning
speed escalated to 300 mm/min, the wear performance of the coating deteriorated, with
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a notable amount of material peeling off. Li et al. [84] utilized high-speed laser cladding
technology to deposit an Fe-Co-B-Si-Nb amorphous coating on the surface of 45 medium
carbon steel at varying scanning speeds. A large volume fraction of amorphous phases
and some dendrites was contained within the coating. The distances between secondary
dendrite arms and cooling rates in different areas of the high-speed laser-cladded samples
under varying scanning speeds are illustrated in Figure 6. As the scanning speed increased,
the distance between secondary dendrite arms decreased, and the cooling rate increased.
At high scanning speeds, the ability to form amorphous structures significantly improved,
resulting in a refined microstructure, an increased volume fraction of the amorphous phase,
and a significant enhancement in the hardness of the laser-cladded coating. The peak
hardness at the top of the coating was observed to reach up to 1215.9 HV( ;. Sun et al. [85]
demonstrated that as the scanning speed increases, the product of the G*R (temperature
gradient * grain growth rate) in B-containing Cr17Ni2 coatings also increases, resulting in
finer lath martensite and Cr2B phases and, consequently, higher coating hardness.

Figure 5. Microstructure of cladding layer at different laser powers: (a,b) 1.5 kW; (c,d) 1.8 kW;
(e,£) 2.1 kW; and (g/h) 2.4 kW [82].
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Figure 6. Distance between secondary dendrite arms (a) and the cooling rate (b) of the coating during
laser cladding at varying scanning speeds [84].

3.3. Powder Feed Rate

The powder feed rate refers to the mass of powder introduced into the melt pool
per unit time. Selecting an appropriate powder feed rate can mitigate issues such as
powder accumulation, uneven heating, and excessive sintering. Wang et al. [86] employed
a high-speed powder feeding method to fabricate an iron-based alloy coating on a 275iMn
steel substrate. Compared to the conventional gravity powder feeding (25 g/min), the
microstructure of the coating developed through high-speed powder feeding (60 g/min)
transitioned from coarse columnar crystals to uniformly distributed small grains. The
total energy consumption was only 75.5% of that required by the gravity powder feeding
process, allowing for efficient coating production at reduced energy levels. The grain
refinement contributed to an increased hardness and improved wear resistance of the
coating. Bartkowski et al. [87] prepared Fe/WC metal matrix composite coatings on low-
carbon steel surfaces using two distinct powder feed rates (6.25 g/min and 12.5 g/min).
At lower powder feed rates, as the laser power increased, the number of cracks decreased,
with microhardness values ranging between 1150 HV(; and 1200 HVj;. In contrast,
higher powder feed rates led to increased coating thickness with no observed cracks and
microhardness values ranging from 1200 HV(; to 1400 HV( 1. Budde et al. [88] studied
the effects of process parameters on the geometry and process stability in laser hot-wire
cladding of AISI 52100, finding that a lower wire feed rate (1.5 m/min) resulted in a more
stable geometry compared to a higher feed rate (2 m/min).

3.4. Coverage of Shielding Gas

By creating a protective atmosphere, the shielding gas is employed to prevent oxida-
tion and the intrusion of other harmful gasses into the processing space, thereby reducing
pore formation and enhancing the density and uniformity of the overlay layer. To ef-
fectively avoid unacceptable oxidation during the cladding process, the dimensions of
the area sufficiently covered with shielding gas are relevant. This area is referred to as
the “effective protective region” [89]. The effective protection region was defined by
Ding et al. [90] and Li et al. [89] as the area in which oxygen concentration was below
2000 ppm. The influence of the shielding gas coverage on the laser hot-wire cladding
process of high-carbon cladding material AISI 52100 was investigated by Budde et al. [91].
It was found that an increased shielding gas coverage resulted in a reduced ablation rate
of alloying elements and fewer pores, along with a nearly halved average dilution rate.
The average hardness of the cladding layer was significantly increased. Bernauer et al. [92]
designed a new local shielding gas nozzle based on fluid dynamics principles. Through
simulations, they explored how the gas flow rate influences gas coverage, finding that an
increase in the flow rate can expand the coverage area of the shielding gas.
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3.5. Process Parameter Optimization

It is noteworthy that the actual laser cladding process is influenced by the combined
effects of multiple parameters, whose interactions contribute to the complex nonlinear
relationship between the process parameters and the quality of the cladded layer. Extensive
experimentation is often required to optimize these parameters to achieve a high-quality
and high-performance cladding layer.

Du et al. [93] adjusted the laser specific energy Es (Es = P/(DV), where E; (J/ mm?) is the
laser specific energy, P (W) is the laser power, D (mm) is the spot diameter, and V (mm/s) is
the scanning speed) by changing the laser power and scanning speed, and found that with the
increase in the specific laser energy, the undercooling degree of Fe60 coating increased during
the solidification process, the nucleation rate accelerated, the coating grains became finer and
more uniform, and the coating hardness reached 744.2 HV,. Through the multi-objective
optimization of the process parameters of 17-4PH/B4C coating via multilayer laser cladding,
Luo et al. [94] found that the factors influencing coating hardness in order of significance are
powder feed rate > overlap rate > laser power > scanning speed. The cladding layer produced
with the optimal parameters exhibited a microhardness of 784.5 HV 5, approximately four
times higher than that of the substrate. Patrycja Wotosz et al. [95] found that the refinement
of the microstructure in H13 coatings depends on the scanning speed and the size of the
laser spot. The highest hardness achieved under different process parameters reached
800 HV( 1. Due to the rapid heating and cooling characteristics of laser cladding, the
molten pool exists for a very short duration, resulting in complex interactions among the
process parameters. As a result, relying solely on the optimization of process parameters
to control the microstructure and properties of the coating has certain limitations. Reddy
et al. [96] optimized the process parameters for the laser cladding of SH57170 iron-based
alloy coatings and found that the porosity of the coatings was independent of the process
parameters, being primarily determined by the cladding material.

4. External Field-Assisted Treatments

Reasonable cladding material design and the optimization of cladding process pa-
rameters can reduce the defects in the coating to a certain extent, but it is still difficult
to completely eliminate the cracks and other defects in the microstructure of the high-
hardness iron-based coating. In recent years, researchers have combined the external
field-assisted technology with laser cladding technology. Through the application of
heat treatment, ultrasonic vibration field, electromagnetic field, and other energy fields
(as shown in Figure 7), the convection movement of melt is affected, and the tempera-
ture field and solute distribution are more uniform. These technologies have played an
important role in tissue refinement, defect elimination, and performance improvement.
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Figure 7. Schematic illustration the heat treatment processes and quenching process (a) [97], induction
heating-assisted laser cladding (b) [98], and electromagnetic field-assisted laser cladding (c) [99].
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4.1. Heat Treatment Assistance

Heat treatment is a material processing technique that uses controlled heating and
cooling to induce phase transformations or structural changes in the solid state. The primary
goal is to improve material properties. Strategies such as simultaneous heating and post-
heating systems on substrates have been employed for this purpose. The use of tempering,
diffusion annealing, and other heat treatment techniques facilitate the diffusion of alloying
elements, promoting a more uniform distribution. This approach aids in mitigating the
high residual stresses typically encountered during the laser cladding process, ultimately
optimizing and enhancing the microstructure and performance of the cladding layer. Wang
et al. [100] investigated the mechanisms of post-heat treatment and deep cooling treatment
to improve the microhardness of martensitic stainless steel coatings. In the post-heat
treatment phase, Cry3C¢ particles precipitated from the austenite, leading to diminished
levels of C and Cr content. This spurred the formation of martensite, raising the hardness to
700 HV;. A subsequent deep cooling treatment triggered a phase transition to martensite,
further reducing residual austenite content and elevating the coating’s hardness to 760 HV;.
Guo et al. [101] employed laser cladding technology to produce Fe60 coatings on a C45E4
steel substrate. They heated the coating to 1050 °C and sustained this temperature for
30 min, followed by cooling in ambient air. This heat treatment process released residual
stresses and carbon atoms within the body-centered cubic lattice structure, decreasing
deformation and susceptibility to cracks. While the microhardness dropped from 800 HV;
before the heat treatment to 650 HV after it, the precipitation hardening effect from newly
formed carbide particles in the dendrites increased the coating’s ultimate tensile strength
from 450 MPa to 550 MPa. Gong et al. [102] subjected FeCrNi laser-cladded coatings to heat
treatment in the temperature range of 800 °C to 1000 °C. Their findings indicated grain
refinement within the coating and the effective elimination of the softening region. This led
to a notable enhancement in the tensile strength of the laser-cladded components.

By adjusting laser scanning strategies, in situ laser heat treatment can be achieved.
Shi et al. [103] introduced laser idle time between each cladding track, as illustrated in
Figure 8, to control the in situ quenching and tempering sequence. The laser idle time
between tracks allows the previous track to cool to near room temperature, facilitating
a complete martensitic transformation. Consequently, in situ tempering occurs when
overlapping tracks pass through. Compared to the 300M steel substrate material, the
overall tensile properties of the Aty = 80 s sample were restored, with a 38% increase
in ductility. The yield strength and maximum tensile strength decreased only by 5%-—
10%, and the wear rate was substantially reduced, yielding excellent overall performance.
Gao et al. [104] conducted high-speed re-melting experiments on a titanium-doped iron-
based alloy coating, achieving the refinement of the coating. As the re-melting scan speed
increased, both the area of the refinement zone and grain size significantly decreased.
Rashid et al. [105] utilized laser reheat post-treatment (LPHT) to repair 300 M high-strength
steel cladding layers. They found that M3Cg¢ carbides, present in the as-deposited state,
dissolved into the martensitic matrix. This led to an increase in the volume of residual
austenite and a minor decline in cladding layer hardness. However, the additional laser
re-heating of the cladding layer resulted in a uniform distribution of tempered martensite,
eliminating localized tempering caused by overlap between passes. LPHT can be effectively
employed for the localized control of the microstructure in the laser-cladded repaired parts
by tuning the laser reheat parameters. Compared to traditional heat treatment processes,
methods such as laser quenching and laser re-melting are more suitable for localized heat
treatment requirements. These methods not only significantly shorten the processing cycle
but also avoid issues of deformation and high energy consumption that are typical of
overall heat treatment processes.
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Figure 8. Scan paths with different idle times: (a) continuous deposit; (b) deposit with a laser idle
time of 80 s [103].

4.2. Ultrasonic Vibration Assistance

Ultrasonic vibration-assisted laser cladding technology leverages the synergistic effects
of ultrasonic cavitation and acoustic streaming. These effects influence the liquid-phase
flow and temperature field distribution within the molten pool, thereby regulating the
microstructure and element distribution of the coating [106,107]. Implementing ultrasonic
vibration improves the flowability of the liquid metal [108], decreasing the incidence of
porosity defects caused by material evaporation and molten pool collapse. It also reduces
the temperature gradient within the coating, alleviates thermal stresses, and addresses crack
defects [109]. Concurrently, this technology can fragment columnar dendrites, resulting in
a finer and more uniformly distributed coating structure [110].

Xu et al. [111] applied ultrasonic vibration assistance during the laser cladding pro-
cess to deposit an Fe901 alloy coating onto the surface of GCrl5 bearing steel. Their
results indicated that with the application of ultrasonic vibration, the growth of colum-
nar grains was disrupted, leading to the formation of fine equiaxed grains in the coating.
This application of ultrasonic vibration increased the microhardness from 742.6 HV, to
783.8 HVj» and notably reduced the friction coefficient. Xiao et al. [98] utilized laser
cladding equipment, as depicted in Figure 7b, to produce Fe4; Co;Cr15M014C15B¢Y, amor-
phous coatings both with and without ultrasonic vibration. Although the top microhard-
ness of both coatings was similar (approximately 1100 HV»), the application of ultrasonic
vibration increased the thickness of the crystalline region at the bottom of the coating by
46 um, resulting in a wavy distribution. Furthermore, the microhardness of the transition
zone increased by 75 um. Yao et al. [112] integrated ultrasound into the laser cladding
process and identified that the ultrasound significantly reduced the local aggregation of
WC particles, promoting a more uniform distribution of WC particles and suppressing
crack initiation. Wang et al. [113] examined the properties of 3540Fe/CeO; alloy coatings
prepared via laser cladding with varying ultrasonic vibration angles. The study revealed
that the cladding layer’s microstructure, when aided by ultrasonic vibration, consisted of
fine equiaxed grains and dendrites, indicating a substantial improvement in grain structure
refinement. When subjected to a 45° ultrasonic vibration, the coating’s surface appeared
smooth and devoid of defects such as cracks and pores, and exhibited the highest average
microhardness, reaching 1148 HV 1. This had a significant positive impact on wear resistance.

61



Coatings 2024, 14, 1351

Excessive energy absorbed by the molten pool due to ultrasonic vibration can prolong
its solidification time, leading to grain growth and the formation of coarser grains. Liu
et al. [114] observed that ultrasonic power exerted a nonlinear effect on the coating’s
microstructure. Within a suitable range of ultrasonic power, the grain refinement in the
cladding layer was significant. However, when the power exceeded 750 W, the grain
size increased. From the studies mentioned, it is evident that alterations in ultrasonic
vibration process parameters can influence the microstructure of the cladding layer. By
optimizing ultrasonic vibration process parameters in conjunction with laser cladding
process parameters, the surface performance of the coating can be further improved.
However, this requires further in-depth theoretical and experimental research.

4.3. Electromagnetic Field Assistance

Electromagnetic field-assisted laser cladding technology leverages the interaction
between an electromagnetic field and the metal melt, generating electromagnetic forces
that alter the convective motion and the processes of heat and mass transfer within the melt.
This, in turn, affects the solidification process, leading to a reduction in supercooling and the
refinement of the solidified microstructure [115,116]. The electromagnetic field assistance
can be categorized into three main types: single magnetic fields (including steady-state,
alternating, and rotating magnetic fields), single electric fields (including direct current,
alternating current, and pulsed electric fields), and combined electromagnetic fields, each
with various configurations.

Ouyang et al. [117] observed that applying an electrostatic field opposite to the laser
scanning direction (Figure 9¢c) can enhance the diffusion and convection of elements within
the molten pool, thereby promoting the directional solidification of the laser cladding layer
and resulting in the formation of columnar grains. Conversely, applying an electrostatic
field aligned with the laser scanning direction (Figure 9d) was found to suppress the
diffusion and convection of elements in the molten pool, leading to an orderly mushy
solidification and the development of an ultrafine grain structure in the cladding layer. Li
et al. [118] established a three-dimensional numerical model for magnetic field-assisted
laser cladding, which included chemical species transport, magnetic fields, fluid flow, heat
transfer, and dynamic networks. As shown in Figure 10, when the induced magnetic field
force and convection velocity acted in opposite directions (Figure 10(a2)), the addition of
the magnetic field restricted the flow of the molten metal toward the edges of the molten
pool, shortened the length and duration of the molten metal, and increased the maximum
cooling rate at the solidification interface (Figure 10(b1-b4)), thus leading to a decrease
in grain size. This conclusion was also confirmed by observations of the microstructure
in the cladding layer (Figure 10(c1-c3)). Huang et al. [99] utilized electromagnetic field
assistance to produce 4 mm thick Fe901 coatings on a Cr;;MoV substrate via multilayer
laser cladding. The incorporation of the electromagnetic field mitigated cracking defects
in the laser-cladded coating. The stirring effect induced by the electromagnetic field
disrupted the growth of columnar dendrites, leading to grain refinement and improved
the fatigue and wear resistance of the coating. Chen et al. [119] investigated the impact of
the electromagnetic field on the microstructure and mechanical properties of Fe901/Al,O3
metal matrix composite coatings. Their findings highlighted that Lorentz forces, combined
with Joule heating effects, increased the nucleation rate of grains, intensified the flow within
the molten pool, disrupted the coarse columnar dendrites, and refined the coating structure.
The microhardness increased from 782 HV, to 866.4 HV 7, and the predominant wear
mechanism transitioned from adhesive wear to abrasive wear.
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4.4. Additive-Equivalent Hybrid Manufacturing

The technology of additive-equivalent hybrid manufacturing introduces mechanical
force fields and thermal fields during the additive phase or subsequent post-processing,
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based on processes such as rolling, forging [120], hammering, and shot peening, to induce
plastic deformation at specific depths within the additive layers. This approach enhances
the grain morphology, microstructure, and stress state of the deposited material, enabling
effective control over the macroscopic mechanical properties and ultimately improving the
fatigue life of the formed materials. Chen et al. [121] prepared Fe-based alloy coatings on a
275iMn substrate through laser cladding. It was observed that after undergoing ultrasonic
high-frequency micro-forging (UH-FM), the surface layer of the coating was broken and
refined, and a gradient structure appeared. A part of the fcc phase was transformed into
the bec phase, which increased the resistance of dislocation movement, and the hardness of
the coating increased. Cai et al. [122] observed that after rolling, the tops of the columnar
grains in the FeCoCrNi alloy coatings produced by laser cladding exhibited increased
width and a noticeable inclination. Zhang et al. [123] combined laser deposition technology
with shot peening and discovered that the yield strength of the Fe-based alloy coatings
produced by this hybrid process was significantly enhanced. Additionally, some coarse
columnar grains were refined, leading to a reduction in grain size heterogeneity and an
overall improvement in the microstructure.

4.5. Assistance from Multiple Physical Fields

The control effects of single energy fields, such as ultrasonic fields, electromagnetic
fields, and thermal fields, on defects like porosity and cracks in the cladding layer each
have their advantages in different application areas. However, issues still arise with the
beneficial effects produced during the laser cladding process, such as the attenuation of
ultrasound during transmission, the complexity of electromagnetic field equipment, and
the uneven temperature distribution in thermal fields. The technology of multi physics-
assisted laser cladding involves the coupling of various physical energy fields to leverage
their synergistic effects, thereby addressing the limitations of single-process techniques
and extending the capabilities for the organization and performance regulation of high-
hardness iron-based alloy coatings. Zhou et al. [124] developed a preheating and ultrasonic
composite-assisted laser additive manufacturing method, comparing the effects of single
energy fields and composite energy fields on the microstructure and properties of the
24CrNiMoY coating. It was found that the synergistic effect of the dual fields had a
more significant influence on the coating’s density, phase composition, grain size, and
strength—ductility matching properties. Zheng et al. [125] combined ultrasonic waves with
traditional rolling processes to investigate the impact of the hybrid process on the surface
quality of Fe-based alloy coatings, comparing it with conventional rolling. It was observed
that the coatings produced through the hybrid process exhibited finer grain sizes, with
surface roughness reduced to only one-quarter of that of the traditionally rolled coatings,
and both hardness and residual compressive stress were found to be higher than those of
the coatings subjected to conventional rolling.

5. Conclusions

In recent decades, there has been significant advancement in the preparation of high-
hardness iron-based alloy coatings using laser cladding, particularly in terms of cladding
material composition, laser processing techniques, and the optimization of coating perfor-
mance. However, due to persistent issues with coating defects and cost considerations, its
broad industrial application remains limited. To realize coatings that exhibit metallurgical
bonding with the substrate and deliver satisfactory performance, future research should
focus on the areas outlined in Table 3.
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Table 3. Future research directions and focus areas.

Improvement Direction Measures Expected Performance Potential Drawbacks
Combining the characteristics of Establishing a predictive
non-equilibrium solidification in laser =~ model for the relationship
Improvement of iron-based cladding and considering different between material Extensive experimental
alloy powders reinforcement and repair targets,a ~ composition, microstructure, validation is still required.
database will be established using and properties to effectively
digital manufacturing technology. address the issue of cracking
By integrating digital manufacturing
Optimization of process technology,. process parameters can Improving .the stablhty and It may increase the
be dynamically adjusted through repeatability of coating complexity and cost of the
parameters . o .
real-time monitoring and feedback quality system.
systems.

Effectively suppressing the

Exploring the coupling effects of the generation of defects by

The specific effects of

Composite energy field cptimiing the ergy e extending thelimitsof L0 S o
P & ersy coating microstructure and p .
parameters and application methods quantify.

performance control
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Abstract: The effect of nanosecond-pulsed laser milling on the surficial microstructure of Al,O3
ceramics is studied in this work. The macrostructure, microstructure, surface roughness, and milling
depth of the ceramics are analyzed via scanning electron microscopy and confocal laser scanning
microscopy. The results reveal that the surface roughness and the milling depth of Al,O3 ceramics
increase with increasing laser power, laser repetition rate, and scanning times. After nanosecond-
pulsed laser milling, cavities as well as molten and granular solidified structures are observed on the
Al,O3 ceramic surface, which indicate that the main mechanism of nanolaser milling is the melting
and gasification caused by the interaction between the laser and the material.

Keywords: laser technology; laser milling; Al,O3 ceramics; surface morphology; surface roughness;
milling depth

1. Introduction

Al,O3 ceramics are a kind of industrial material with good wear resistance, high
temperature resistance, and corrosion resistance, attributes which provide chemical sta-
bility under harsh conditions and allow their widespread use in the aerospace industry,
chemical machinery, and biomedicine [1,2]. At the same time, Al,O3 is one of the most
important materials for fusion technology [3]. However, the traditional processing methods
such as mechanical grinding and polishing fail to meet stringent demands related to the
dimensional accuracy, shape and position error, and processing quality of Al,O3 ceramics.
In order to achieve good structural matching between the ceramic components, the latter
requires post-treatment. In that regard, laser milling is a recently developed advanced
manufacturing technology, enabling material to be removed instantly though melting or
gasification under the laser thermal effect and thus providing a novel way of processing
ceramics [4,5].

In recent years, various studies on the laser milling of ceramics have been performed
in several countries. In one particularly relevant study, alumina and aluminum nitride
were machined with nanosecond lasers by Preusch et al. [6]. Using high-pulse overlaps and
fluence of 64 J/cm?, they were able to achieve material removal rates of up to 94 mm?3/h
and 135 mm?3/h for alumina and aluminum nitride, respectively. Jian Li et al. [7] studied
the impact of the short wavelength of 532 nm and the pulse width of 6 ns on the milling
volume and quality of Y-TZP ceramics. The optimal milling quality of the ceramics could
be attained at the blind hole diameter of 500 pm and with 200 pm wide and 100 pm
high square grooves. Yinbo Zhu et al. [8] investigated the effect of single-pulse shock
parameters on the milling surface quality at the laser (Nd: YAG) wavelength of 1.064 pm,
observing a noticeable influence of the scanning speed on the surface roughness. Luo
et al. [9] performed the milling of Y-TZP ceramics with an Nd: YAG laser, avoiding cracks.
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In particular, the best surface-processing quality and the largest material removal rate could
be attained by establishing the optimal processing parameters (laser power of 11.3 W, laser
repetition rate of 30 kHz, and milling speed of 50 mm/s). Muneer [10] studied ways to
optimize multi-response problems associated with micro-milling of Al,O3 ceramics, finding
that laser beam overlap and the use of a high-power laser beam significantly affected the
milling depth. The milling surface roughness and the material removal rate were found
to be predominantly influenced by the laser beam intensity and pulse repetition rate. A
comparative analysis was performed by Parry et al. [11] using nano- and picosecond lasers
while machining zirconia ceramics. They demonstrated that crack-free surfaces with good
surface finish can be produced with picosecond lasers. Flexural strength was also found
to be satisfactory using the four-point bend test. Yibas et al. [12] conducted an irradiation
test of Al,O3 ceramics with a 2 kW laser power in a nitrogen environment, observing
the formation of a molten layer on the material surface which resulted in a decrease in
surface roughness and an increase in surface hardness. Kibria et al. [13] investigated laser
microturning of cylindrical Al,O3 ceramics, focusing on the effect of continuous point
overlap and circumferential overlap rates on surface roughness and the trend of turning
depth with each process parameter. However, the effect of nanosecond laser parameters on
the macrostructure and microstructure of Al,O3 ceramics remains unclear and requires a
thorough investigation.

In the present work, we aimed to perform nanosecond-pulsed laser milling of Al,O3
ceramics to elucidate the influence of milling parameters on the macrostructure and mi-
crostructure of the ceramic surface. In this article, the surface formation mechanism is
characterized via scanning electron microscopy (SEM) and confocal laser scanning mi-
croscopy. Special attention is paid to the impact of processing parameters on the surface
roughness and milling depth of Al,O3 ceramics, thus providing new prospects for opti-
mization of nanolaser milling.

2. Materials and Methods
2.1. Materials

The Al,O3 ceramic is a kind of multi-phase solid material which comprises metallic
and nonmetallic elements. Prior to the experiments, the Al,O3 ceramic specimen was
divided using a special cutting machine into pieces with the dimensions of 30 mm x 15 mm
x 4 mm, as shown in Figure 1a. Their properties are shown in Table 1. The chemical
composition of the specimen, obtained using an energy-dispersive spectrometer (EDS), is
shown in Figure 1b.
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Figure 1. (a) Al;O3 ceramic and (b) its chemical composition.
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Table 1. Al,O3 ceramic properties.

Coefficient Thermal
Density Absorption Index of . of Thermal erma’
3 S . Reflectivity . Conductivity
(g/cm?) Coefficient Refraction Expansion (W/meK)
(x10~6/K)
3.5 0.85 1.3~2.7 0.051~0.153 7.2 24

2.2. Laser Milling

The milling of ceramics was performed using a YLP-HP100 nanosecond-pulsed
fiber laser (Germany IPG company, Munich, Germany) at the laser power of 100 W, the
pulse width of 100 ns, the wavelength of 1060 nm, the adjustable pulse repetition rate of
2~100 kHz, and the beam diameter of 50 pm. The milling setup consisted of a laser, a water-
cooling system, a PC, a high-speed scanning galvanometer, a control system, and a sample
table (see Figure 2). The milling path and milling speed were controlled by a high-speed
galvanometer, allowing for milling speed adjustments in the range of 20-8000 mm/s.

Laser producer 1
5

Scanning
system

Figure 2. Schematic of a laser milling experimental system.

The milling process was conducted with varying laser-processing parameters includ-
ing laser power, pulse repetition rate, and milling time. According to multi-time and
single-factor experimental results, the optimal milling parameters were as follows: between
three and nine milling operations with a laser power of 20-40 W, a pulse repetition rate of
35-50 kHz, and a laser beam overlap of 75-90%.

2.3. Surface Morphology

After laser milling, the surface macrostructural characteristics of Al,O3 ceramics, in
particular, the surface roughness (S,) and the milling depth (My), were measured using a
VK-X160 confocal laser scanning microscope (Japan KEYENCE Company, Osaka, Japan).
The surface microstructure of Al,O3 ceramics was studied by means of a Merlin Compact
field-emission scanning electron microscope (FE-SEM, ZEISS, Jena, Germany).

2.4. XRD Experiment

XRD tests were carried out on the material using a D8 ADVANCE-type X-ray diffrac-
tometer (Bruker, Karlsruhe, Germany). The diffraction analysis process took place as
follows. The cut specimens were first cleaned with anhydrous ethanol and then radiated on
the X-ray diffractometer using Cu-Ko rays (A = 0.15406 nm), scanning at a speed of 5°/min
over the 20-90° range with a step width of 0.01°.
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3. Results and Discussion
3.1. The Effect of Laser Power on Surface Roughness and Milling Depth

Figure 3 displays the microstructure of the Al;O3 ceramic’s surface after laser milling
at different laser powers (here, the pulse repetition rate was 40 kHz and the number of
milling operations was three). Plenty of cavities and melt were found on the surface treated
at laser powers of 25 W and 30 W. Raising the laser power to 35 W and 40 W led to the
emergence of some granular-like solidified structures the sizes of which increased with
the increase in laser power. When the laser power increases, the laser milling surface
temperature increases, material vaporization is evident, and the depth of the holes it causes
increases significantly, worsening the surface roughness.

Sedimentary materials
>

&

Figure 3. Surface microstructure after laser milling at different laser powers: (a) 25 W; (b) 30 W;
(c) 35 W; (d) 40 W.

The laser power as one of the milling parameters could influence the surface quality
prominently. The rise of temperature caused by a single-pulse laser beam with a single
pulse width or single pulse time can be described as [14]:

Py 4t

AT = 5
mikd T

)

where AT is the change in the temperature of the ceramic, v is the laser absorption rate of
the material surface, x is the thermal conduction rate, « is the thermal diffusion rate of the
ceramic, T is the laser pulse width, P is the laser power, and d is the laser beam diameter.
According to formula (1), the surface temperature of the material is proportional to the
laser power. Therefore, at laser powers of 25 W and 30 W, the cavities on the surface during
the laser milling are mainly caused by the partial gasification of the material, whereas the
molten layer is the product of melting and solidification processes. In turn, increases in the
laser power to 35 W and 40 W intensify the gasification. Under the action of a jet driving
force caused by gasification, the melt spatters the treated surface, forming the granular
solidified structure. Higher laser powers lead to increasingly stronger jet driving forces,
which result in larger areas of spattered liquid substance and larger dimensions of solidified
structures.

The surface roughness after milling at different laser powers (with a laser repetition
rate of 40 kHz and three milling operations) is presented in Figure 4. The results show that
the surface roughness after laser milling increases with higher laser power. The surface
roughness after laser milling at the laser power of 40 W reaches 10.671 um, which is about
2.35 times higher than that at the laser power of 20 W. This means that the surface roughness
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increases with the increase in laser power until it approaches saturation. This is because
the surface temperature increases with the laser power, intensifying the gasification and
augmenting the number of cavities and their depth. In turn, the splashed melt leads to
the emergence of many solidified particles on the surface, thus dramatically increasing the
surface roughness.
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Figure 4. Surface roughness after laser milling at different laser powers.

Figure 5 shows the milling depth evolving with the laser power (the laser repetition
rate is 40 kHz and the number of milling processes is three). As seen in Figure 5, when
the laser power is 20 W or 40 W, the average laser milling depth is found to be 33.277 um
or 182.653 um, respectively, i.e., the higher the laser power, the larger the milling depth.
The relationship between the laser processing depth of the material and the incident laser

power is described as [15]:
! Lytd” f

where / is the processing depth, [ is the absorption rate, and Iy, is the ablation threshold
of the material. At a constant laser repetition rate, the laser processing depth is, therefore,
proportional to the laser power, as can be seen from formula (2).
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Figure 5. Milling depth at different laser powers.
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3.2. The Effect of the Laser Repetition Rate on Surface Roughness and Milling Depth

Figure 6 displays the surface roughness of the ceramic after laser milling at different
laser repetition rates (here, the laser power is 30 W and the number of milling operations is
three). As seen from the images, the surface roughness increases from 7.812 pm to 11.04 pm
(i.e., by 41.3%) with an increasing laser repetition rate from 30 kHz to 50 kHz. It is worth
noting that the laser repetition rate influences the pulse time distribution: higher rates of
laser repetitions correspond with smaller time intervals, causing increases in temperature
and, consequently, surface roughness. The laser processing provides the options of extreme
cooling and fast heating thanks to changes of the laser repetition rate, which cause slight
differences of the temperature caused by the overlapping of laser beams. There is no
evidence of increases in the surface roughness due to such changes in the laser pulse rate.
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Figure 6. Surface roughness after laser milling at different pulse frequencies.

Figure 7 depicts the change in the milling depth at different pulse repetition rates (the
laser power is 30 W and the number of milling operations is three). According to the results,
the milling depth drastically increases from 38.141 um to 81.63 um as the pulse repetition
rate rises from 30 kHz to 50 kHz.
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Figure 7. Milling depth after laser milling at different pulse repetition rates.
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3.3. The Influence of the Number of Milling Processes on Surface Roughness and Milling Depth

Figures 8 and 9 depict the surface microstructure and the surface roughness after laser
milling with various numbers of milling processes. After three milling treatments, the
surface microstructure reveals mainly cavities and melt caused by gasification, whereas the
surface roughness is as high as 9.78 um. Applying five milling operations results in the
emergence of a granular solidified structure on the surface, partially covering the cavities
and melt. In turn, the surface roughness increases to 10.48 um. Once the ceramic surface
is exposed to nine milling operations, the grains which comprise part of the solidified
structure become larger and the surface roughness rises to 11.88 um.
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Figure 8. Surface microstructure after laser milling with different numbers of milling processes:
(a) three; (b) five; (c) nine times.
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Figure 9. Surface roughness after laser milling with different numbers of milling processes.

Figure 10 depicts the milling depth as a function of the number of milling operations.
Even though the milling depth increases with additional milling processes, the extent of the
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increase gradually slows as the number of repetitions rises. For instance, the milling depth
after three and five milling processes reaches 47.50 pm and 67.38 um, respectively, thus
increasing by 41.9%. In turn, after seven and nine treatments, the milling depth reaches
80.56 um and 85.46 um, respectively, i.e., an increase of only 6.1%. This is because the
surface microstructure after three or fewer milling processes exhibits cavities and melt,
which undergo gasification and are easily removed from the surface with subsequent
milling. At the same time, an increase in the milling processes makes the granular-like
solidified structure enlarge and raises the melting point, which weakens the impact of
milling and, hence, slows the increases in the milling depth.
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Figure 10. Milling depth after different numbers of milling operations.

3.4. The Mechanism of Nanosecond-Pulsed Laser Milling

The XRD results of the Al;O3 specimens before and after laser milling are shown in
Figure 11, from which it is evident that the diffraction peaks of the specimens did not
change significantly during laser milling, so the composition and structure of the Al,O3
specimens did not change.
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Figure 11. XRD results of specimens before and after laser milling.

Based on the data from Figures 3 and 8, the surface microstructure of Al;O3 ceramics
takes a micron-grade granular structure, with submicron shrinkage cavities and molten
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structure. Furthermore, the interaction between the laser beam and the material induces the
emergence of high-temperature ions. As the ions” temperature increases to the material’s
melting point, the ceramic begins to melt with the formation of the molten structure.
When the ions’ temperature increases to the material’s boiling point, the ceramic surface
undergoes gasification, causing the appearance of corrosion pits and cavities. A further
increase in the temperature of the ions makes them blast and hit the ceramic surface at an
extremely high speed, thereby generating a shock wave. Under the action of the latter, the
droplets and the gasification material from the molten pool are deposited on the surface
of the specimen and micron-grade granular-like structures form after solidification (see
Figure 12). Therefore, the dominant mechanisms of nanosecond-pulsed laser milling of
Al O3 ceramics consist of melting and gasification of the material surface.

' '—» Laser pulse

—— Focusing Lenses

Aluminium oxide |

Recast layer

Figure 12. Formation mechanism of surface microstructure of AlyO3 ceramics after laser milling.

4. Conclusions

In this work, a nanosecond laser was used to mill Al,O3 ceramics, and the effect of
laser milling on the surface microstructure, surface roughness, and milling depth was
investigated. Based on the findings of the study, the following conclusions can be drawn:

(1) The laser-induced temperature on the ceramic’s surface rose and the surface rough-
ness increased with increases in laser power, pulse repetition rate, and number of
milling operations. This was due to morphological peculiarities of the ceramic surface,
associated with cavities, melt, and granular structure;

(2) The increases in laser power, pulse repetition rate, and number of milling processes
led to enhancement of the laser-induced gasification on the Al,O3 ceramic surface,
which increased the volume of departed material and the milling depth;

(3) After nanosecond-pulsed laser milling, the surface morphology of the Al,O3 ceramic
exhibited cavities and melt caused by the material melting and the formation of the
granular solidified structure as a result of gasification. Accordingly, we propose that
melting and gasification were acting synchronously during the laser milling, thereby
laying the foundation for the main mechanism of nanosecond-pulsed laser milling in
the removal of the materials.
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Therefore, the ability to elucidate processes occurring in ceramics under the impact of
nanosecond pulses, shown in the present research, opens new prospects for optimization
of nanosecond-pulsed laser milling of materials.
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Abstract: To explore the influence of the number of laser ablations on the shape, geometry, and taper
of the pitting structure by laser ablation in the liquid phase, three-dimensional confocal microscopy
was used to quantitatively characterize the shape of the surface dotting texture of YG8 cemented
carbide and analyze the evolution of the morphology based on the liquid-assisted laser ablation
test. The results show that the surface pitting structure of YG8 cemented carbide evolves from a
micro-convexity to a crater with the increase in the number of laser ablations, and the bottom of the
crater produces a convexity after 7 ablations, the shape of the crater evolves to a trapezoidal shape
after 13 ablations, and the shape is stable. The size of the dot texture increases with the number of
laser ablations and reaches a maximum value of 396 um in diameter and 149 pm in depth at the 10th
and 12th ablations, respectively. The taper of the dot texture showed a trend of decreasing, increasing,
and then decreasing with the increase in the number of laser ablations, and the taper was stable with
more than seven ablations. This study lays a theoretical foundation for the control of the dot texture
morphology on the surface of YG8 cemented carbide by laser ablation in a liquid-phase environment.

Keywords: laser technique; liquid-phase environment; dotting texture shape; taper

1. Introduction

Cemented carbide is an alloy material made from hard compounds of refractory met-
als and bonding metals by powder metallurgy and is widely used in various mechanical
engineering equipment and cutting tools. However, high loads and wear are often accom-
panied during use. Currently, laser ablation of surface microstructures is an effective means
to address wear and tear.

Zhang et al. [1] used a high-ultraviolet nanosecond laser to prepare textures on the
surface of YG8 cemented carbide, and the optimal texture parameters had a good effect
on the friction reduction and wear resistance of the cemented carbide surface. He et al. [2]
demonstrated that laser ablation of cemented carbide circular pitted microtextured (CPMT)
surfaces resulted in better friction performance than smooth surfaces. Xin et al. [3] found
that the microcircular texture of cemented carbide traps impurities and reduces abrasive
wear on the cemented carbide surface. Niu et al. [4] searched for the optimal parameters of
surface properties by changing the density, diameter, and depth of the weaving area on the
surface of medium carbon steel; the best property was obtained for surfaces textured with a
depth of 10 um, area density of 10%, and diameter of 100 pum. Its coefficient of friction was
reduced by 38 per cent, and the experiment proved that the depth of the crater is the main
factor affecting the friction and wear properties. The surfaces textured optimum depths
can effectively prolong the steady state and reduce friction and wear in the variation state,
which results in a longer sliding distance in the starved lubrication. Zhang et al. [1] studied
the weaving width and area ratio and the influence on the friction reduction and wear
properties and found that the optimal parameters of the weaving have a better gain on
the friction reduction and wear properties of the surface of the cemented carbide in the
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dry friction and solid lubrication states. When the texture width and area ratio parameter
combination was 40 pm (45%) and 100 pm (45%), the friction coefficient was reduced from
0.301 to 0.287 and 0.275, respectively. Therefore, it is particularly important to control the
size and shape of microtextures. Yang et al. [5] used a conventional two-temperature model
(TTM) to optimize laser processing parameters, an optimized hole depth increase of 50 um,
smooth walls, and no residual stresses to improve the quality of turbine blades and blade
film cooling holes, thereby improving engine performance. Serguei P. Murzin et al. [6] laser
ablated microtextures on the surface of silicon carbide ceramics, which were used to reduce
the coefficient of friction of a rolling bearing in operation; the results demonstrate that the
laser treatment reduces the coefficient of friction by more than 30 per cent compared to the
initial structure. Erkan Oztiirk [7] used a laser to ablate microtextures on a tool to enhance
machining performances in dry hard turning by decreasing friction between tool and chip,
reducing adhesion, reducing cutting forces, and improving wear mechanisms. Aniket
Roushan et al. [8] reduced the cutting forces, cutting temperatures, surface roughness, and
tool wear by changing the surface morphology parameters of the ablated weave on the
tool, which improved machining performance. Above, it can be seen that changing the
surface morphology and improving the shape is beneficial in improving the workability
and reducing the coefficient of friction. Xin et al. [3] statistically quantified the friction
force, coefficient of friction, and wear rate of microcircular weave by the preparation
parameters (weave spacing, weave diameter) and geometrical parameters (laser ablation
power, ablation speed, number of ablations) and found that the scanning speed, laser power,
and the diameter of the microcircular weave have a large effect on the surface properties
of the tungsten carbide and that the optimal preparation parameters (laser power: 70 W;
scanning times: seven times; scanning speed: 1600 mm/s) can effectively reduce the friction
force and the coefficient of friction.

However, most laser processing of carbide surface texture is carried out in air, which is
prone to the effect of heat accumulation [9]. Jia et al. [10] studied underwater femtosecond
laser ablation of SiC and found that the microporosity depth and the material removal
rate increased gradually with the increasing energy of a single pulse and inhibited the
occurrence of oxidation reaction, which resulted in a cleaner processed surface. S. vander
Linden et al. [11] found that in picosecond-pulsed underwater laser ablation of silicon,
the volume of material removed per pulse was better than that in the air environment.
Yu et al. [12] found that liquid-phase laser ablation of silicon nitride can effectively inhibit
oxidation, but it will reduce the rate of material removal, and with the increase of scan-
ning speed, the surface roughness increases, and the depth of laser ablation decreases.
Zhou et al. [13] utilized water-assisted laser ablation in the different water layers and found
that the liquid-phase ablation environment can get clearer micrographs and smaller heat-
affected zones, the liquid-phase environment makes the inner wall of the grooves clean and
smooth, and the depth of the grooves decreases with the increase of the liquid-phase flow
rate. PANG Minghua et al. [14] processed YT15 cemented carbide in a liquid-phase environ-
ment and found that the micro-pit distribution on the surface of liquid-phase assisted laser
processing is more uniform (with basically no oxidation and recasting of molten material),
the assisting liquid plays a cooling and protecting role on the laser processing surface, and
the surface contact angle is minimized (55°). In addition, the friction coefficient of the
surface texture processed by liquid-phase-assisted laser processing is the smallest, and the
wear amount is improved to a certain extent. Yang et al. [4] found that the quality of laser
microtextures is very important for aerospace turbine blades and blade film cooling holes,
in which the diameter—depth variation of ablation is related to the effective surface area of
ablation, laser intensity, ablation time, number of pulses, the energy of a single pulse, and
the target material of ablation. Zhu et al. [15] found that the pit taper is related to the angle
of laser ablation and the number of ablation times, and the edge quality of microtextured
structures can be effectively improved by the method of laser compensation.

Existing research has demonstrated that liquid-phase laser ablation produces good
morphology, lessens the formation of recast layers and cracks, and enhances the heat-
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building effect during laser ablation and the recasting phenomenon during processing.
Nevertheless, the influence of liquid-phase-assisted laser ablation on YG8 cemented carbide
has not been reported. To investigate the impact of ablation times on the morphology
of liquid-phase laser ablation of YG8 cemented carbide, this study uses a mixed liquid
of anhydrous ethanol and hydrogen peroxide as a propellant to facilitate laser ablation
processing of YG8 cemented carbide. There is a significant improvement in the ablation
morphology compared with other machining processes [1], and it is particularly outstand-
ing for the reduction of heat-affected zones, recast layers, and cracks [16], which provides a
theoretical basis for the machining and shape control of the point weave structure on the
surface of YG8 cemented carbide. This research has some guiding significance for the use
of laser ablation to achieve high-quality shapes, sizes, and taper controls in key industrial
areas such as in the machining and manufacturing of micro-tools [7], engine fuel injectors,
and cooling holes in turbine blades [5].

2. Materials and Methods
2.1. Test Material

The test material was YG8 cemented carbide, with a size of 20 mm x 20 mm x 5 mm.
Sandpapers with 800 mesh, 1000 mesh, and 2000 mesh were used to polish the surface,
and then the surface was polished to the roughness Ra < 0.8 um, and finally cleaned with
deionized water and acetone, and then left to dry naturally in the air for spare parts.

2.2. Test Equipment

The laser system was a Nd: YAG laser with a wavelength of 1064 nm and a pulse
width of 15 ns. The laser energy density was 200 ]/mm?, the pulse frequency was 20 KHZ,
the spot diameter was 350 um, and the number of ablations ranged from 1 to 14.

The auxiliary liquid is a mixture of hydrogen peroxide and anhydrous ethanol in the
ratio of 30:1 by volume, controlled by volumetric measurement of the workpiece at a height
of 1 mm above the liquid surface. Figure 1 is the schematic diagram of the liquid-phase
laser processing process, and the surface dot-woven array is shown in Figure 1. In total,
ten sets of experiments were performed in which the room temperature was controlled to
be constant at 20° to ensure the reproducibility and robustness of the observed effects.
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Figure 1. Schematic diagram of laser processing technology in liquid phase.
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3. Results and Discussion

3.1. Analysis of the Shape Evolution of the Laser Ablation Dot Texture in a

Liquid-Phase Environment

(1) Three-dimensional morphology of laser ablation dot texture in liquid-phase
environment

Figure 2 shows the three-dimensional morphology of the dot texture of the YG8
cemented carbide surface ablated by laser in a liquid-phase environment. It is evident that
as the number of ablations increases, more material is gradually removed from the ablated
surface, the center region of the dot texture changes from a slight bump to a pit, and the
pit’s depth increases gradually. In contrast, the edge region of the bump structure’s dot
texture does not significantly change as the number of ablations increases and produces
very little recast melt.
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Figure 2. Three-dimensional morphology of dot texture of YG8 cemented carbide surface by laser

ablation in liquid phase.

(2) Laser ablation of dot texture two-dimensional profiles in a liquid-phase environment

Figure 3 shows the two-dimensional contours of the dot texturing centers for different
numbers of liquid-phase ablations. It can be seen that when the number of ablation is one,
there is a bump around the dot texture, and the ablation shape of the substrate surface
is a crater at this time. This is because the substrate surface will create a local melt pool
during one ablation. The melt will then flow outward from the melt pool’s center under
the recoil pressure, creating a micro-pit on the substrate surface and a pit surrounding
the micro-bumps [17]. The ablated surface of the substrate is convex when the number
of ablations is two. This is because as the number of ablations increases, remelting takes
place in the ablated area of the substrate, the temperature in the melt pool’s center is at its
highest, and surface tension causes a strong inward Marangoni flow [18], which causes the
melt to flow to the melt pool’s center and eventually form a convex shape.
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Figure 3. Two-dimensional profile of the center diameter of dot texture under different ablation times.

When there are more than three ablations, a pit gradually forms in the center. This
is due to the increase in the number of ablations, resulting in the accumulation of heat,
and because the center part of the bulge is subjected to the most heat, part of the material
reaches the ablation threshold, and the material removal phenomenon takes place [19].
When the number of ablations reaches five, rapid ablation begins. At this point, the energy
in the center of the protruding part of the melt gradually starts to accumulate, and the
liquid acts as a propellant, which gradually forms a pit with depth, and the depth of the
pit is more uniformly ablated. However, due to the recoil pressure, the melt at the bottom
of the pit will be extruded, and the liquid will gradually take away most of the removed
material and melt, thus reducing the accumulation of material [20]. At 9-12 times into the
steady ablation stage, both the ablation depth and recoil pressure increase, resulting in
smoother ablation [21].

When there are 12 to 14 laser ablations, the depth of the pit decreases with a small
convex shape around it. During this period, the bottom of the pit produces a plasma
shielding effect [22], and with the increase of the depth of the liquid through the laser, loss
increases, which in turn weakens the laser ablation effect on the pit, resulting in a decrease
in the depth of the ablation pit. As the substrate absorbs a large amount of heat in a short
period, the recoil pressure formed by the material in the center of the melt pool is too large,
which causes the liquid bubbles to explode, leading to the intensification of the flow of the
melt at the bottom of the pit and spreading to the surrounding area of the pit and forming
a part of the molten material around the pit.

(3) Dimensional changes of laser ablation dot texture in liquid-phase environments

Figure 4 shows the graphs of the variation of the weaving height and the top and
bottom diameters of the laser-ablated spots with the number of ablations in the liquid-
phase environment. It can be seen that when the laser ablates 1-2 times, the diameter and
depth of the top of the dot texture decreases with the increase of laser energy, and the
diameter and depth of the top of the crater are up to 330 um and 6 um, respectively, and
the ablation efficiency is lower than that of the thermal expansion efficiency at this time,
and thus the micro-bump is generated. At 3-5 times ablation, the diameter and depth of
the texture increase with the rise of laser energy. This happens because of the increase
of heat absorption in the center part of the micro-bump material and liquid, resulting
in the reduction of the material. After rapid ablation, a pit with a larger diameter and
depth is formed. The top of the pit reaches a diameter of 380 um and a depth of 39 um
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after the 5th ablation. At 5-8 ablations, the top and bottom diameters of the dot texture
show a decreasing trend, while the depth ablation of the dot-textured changes faster due
to the creation of a bulge at the bottom of the pit, which in turn reduces the ablation of
the bottom edge of the pit. At 8-10 ablations, the diameter and depth of the dot texture
increase rapidly, the ablation of the bottom edge of the pit increases, and the efficiency of
the liquid-propelled ablation is greater than the energy loss, with a maximum diameter and
depth of 396 pm and 114 pum of the dot texture, respectively. At 11-12 times, the diameter
of the dot texture decreases with the increase of the depth of the dot texture because the
ablation center is shifted to the center of the dot texture, and the maximum depth of the dot
texture is 149 pm. Finally, at the 13th to 14th times of ablation, the diameter and depth of
the dot texture change slowly with the increase of the laser energy density, and the diameter
and depth of the dot texture stabilize at around 353 um and 85 um, respectively. As the
number of laser times increases, the energy generated also accumulates. This leads to a
greater loss of energy through liquid ablation, and the substrate material is continuously
heated by the laser to form a plasma [23]. The plasma, with the increase in the laser energy
density of the laser beam formation, has a certain shielding effect, so the ablation depth
decreases and then tends to be stabilized.
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Figure 4. Changes in the height and diameter of the dot texture with the number of ablations in the
liquid phase.

(4) Modeling the shape evolution of laser ablation dot texture in a liquid-phase
environment

Figure 5 shows the shape evolution model of the YG8 cemented carbide dot structure
with the number of liquid-phase laser ablation. It can be divided into six stages. Stage 1:
evaporation stage. The number of ablations is 1-2, and the workpiece produces a small
number of pits and bumps. This stage of ablation does not produce much energy, the impact
on the workpiece is limited, and the surface of the workpiece removes fewer substances.
And then, as the surface of the YG8 reaches the boiling point and forms upward metal
vapor, the liquid surface begins to produce an evaporation phenomenon [24]. Stage 2 is
the molten pool stage. The number of ablations is 3-5, the surface material melts and
forms a molten pool, and the workpiece is also gradually subjected to thermal expansion
and radiates around [25]. Stage 3: the molten pool vortex. The number of ablations
is 6-7, with the increase in the number of ablations producing a larger recoil pressure
exacerbating the depression of the molten pool, in which double vortex is obvious; it is
caused by the natural convection in the molten pool and the Marangoni convection [26].
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The natural convection is driven by buoyancy forces of the density of the liquid metal
affected by temperature. It causes the hot melt to float. Marangoni convection occurs
when the surface tension of a liquid metal is affected by a temperature gradient, causing
the high-temperature melt to flow towards the low-temperature region. The combined
effect creates a center-edge-bottom—center vortex path in the melt pool. According to the
conservation of momentum, the high-temperature melt flows towards the low-temperature
region and exerts a downward recoil pressure on the melt pool. Stage 4: high-pressure melt
pool. The number of ablations is 8-9. The surface of the melt pool shows high pressure and
high velocity, while the pressure and velocity inside the melt pool are low, so the heat is
transferred to the inside, and the vortices converge toward the center of the melt pool as
the temperature and velocity decreases, generating upward velocity vectors at the surface
of the melt pool, the downward trend is suppressed [27]. However, the upward flow rate
on both sides of the melt pool is very high [28], and the pressure inside the melt pool is
very high, which remains downward ablated by surface tension and buoyancy. Stage 5:
the melt pool recoil. The number of ablations is 10-12. With the increase of ablation depth,
the vortex inside the melt pool weakens, which inhibits the surface depression; this stage
of the melt pool surface produces upward velocity vectors, which inhibits the downward
tendency to reach its peak. Stage 6: shielding and stacking. The number of ablations is
13-14. The melt pool is kept oscillating under recoil pressure, surface tension, buoyancy,
and gravity, and the plasma produced by its ablation produces a shielding effect on the
laser ablation [29], resulting in the buildup of the molten cladding, and the laser ablation
has no significant change on the melt pool, thus achieving dynamic equilibrium.
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Figure 5. Shape evolution model of dot texture induced by laser ablation in liquid-phase environment.
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3.2. Analysis of the Taper of Ablation Dot Texture Craters in Liquid-Phase Environments

Figure 6 shows a schematic diagram of the dot texturing taper of the liquid-phase
laser ablation, whose taper V is calculated by the following formula:

D1—-D2
V=——7—x100% 1
X M

where the depth of the hole cross-section is H, and D1 and D2 are the diameters of the top
and bottom surfaces of the pit, respectively [30].

> fusant

cat affected zone

Figure 6. Schematic diagram of the taper of the dot texture.

As shown in Figure 5, after two ablations, the taper of the dot texture is 4.17, and
the number of laser ablations in the initial stage is less than after crater removal, with the
hole taper being larger. The taper of 5 times ablation is 2.62; as the number of ablations
increases, the pit removal increases, and the hole taper decreases gradually. The taper of 7
times ablation is 1.25, which enters into the stage of rapid ablation, and the center of the
pit ablation is gathered in the middle; as shown in Figure 5d—f, the rate of laser ablation
slows down gradually in this stage, and the depth of ablation tends to be stabilized due to
plasma shielding effect, the taper is stabilized at about one.

Figure 7 shows the graph of the taper variation of laser-ablated dot texture with the
number of ablations in the liquid-phase environment, and it can be seen that the taper
shows a decreasing, then increasing, and then decreasing trend with the increase of the
number of ablations. The taper trend is divided into three stages [31]: The first stage is
unstable because the initial ablation number is small (1~2), and the change in diameter
difference between the top and bottom of the dot texture will increase, while the depth
change is small, and the taper fluctuation range is large. The second stage is the stabilization
stage when the number of ablations is 34, the ablation rate is accelerated, the diameter
and depth of the pit top and bottom increase simultaneously, and the calculated value is
smaller according to the taper equation. At the fifth ablation, the diameter of the top of
the pit increases while the bottom decreases, and the difference between the diameters
of the top and bottom increases more rapidly than the depth, resulting in taper increases
to 2.62. At the sixth ablation, the top and bottom diameters of the dot texture decrease
while the depth gradually increases, so the taper decreases. The third stage is 7-14 times of
stabilization; the difference between the diameters of the top and bottom of the crater and
the ablation depth have the same trend, so the taper fluctuates in a certain range.
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Figure 7. Change of taper of dot texture with the number of ablations in the liquid phase.

4. Conclusions

In this study, the liquid-phase laser ablation technique was used to investigate the
effect pattern of the number of laser ablations on the liquid-phase laser ablation of YG8
cemented carbide. There are three findings as follows.

(1) Laser ablation of YG8 cemented carbide morphology was divided into six stages:
The first stage was the evaporation stage, where the shape of the convex and small size
changed. The second stage was the melt pool stage, the heat-affected zone began to expand,
and the shape of the ablation was a trapezoidal shape, the more regular shape. The third
stage was the melt pool vortex: the bottom of the pit produced a rise and characteristics of
a pressure vortex. The fourth stage was the high-pressure melt pool: the bottom of the pit
rise disappeared, and with it, the pressure vortex disappeared, and the shape took on an
irregular trapezoidal shape. The fifth stage was the molten pool recoil: The shape evolved
into a trapezoidal shape with a smaller taper, and the ablation depth was suppressed.
And the final stage was shielding and stacking: the pits’ shape changed to a more regular
trapezoidal form with a smaller taper, and the shape was stabilized due to the plasma
shielding effect.

(2) The number of laser ablations had a significant effect on the geometry of the surface
texture. When the number of laser ablations was varied from 1 to 4 and 8 to 10, the diameter
and depth of the top and bottom of the dot texture showed an increasing trend. The number
of ablations was 5-8 and 10-12, the diameter of the dot texture decreased, and the depth
increased. After more than 13 ablations, the diameter of the texture pits increased, the
depth decreased, and the dot texture size changed slowly.

(3) The number of laser ablations had a great influence on the taper of the pits, with
an overall trend of decreasing, increasing, and then decreasing. When the number of laser
ablations was 3—4, the taper of the pits was small; when the number of ablations was more
than 7, the taper of the pits tended to stabilize gradually.

This study reveals the effect and mechanism of the number of liquid-phase laser
ablation on the surface dot texture morphological changes of YG8 cemented carbide and
achieves the control of liquid-phase laser ablation dot texture geometry and size. Since
the methodology study was limited to the morphological changes induced by the specific
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workpiece type and the number of laser ablations, parameters such as laser power density,
pulse width, etc., are a step toward unexplored machining properties in future studies.
This research is expected to be applied to rolling bearings, cutting tools, aero engine blades,
and other transmission parts.
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Abstract: Laser surface texturing and micro-arc oxidation provide excellent approaches to enhance
the adhesion strength and anti-corrosion performance of adhesive bonding interfaces in aluminum
alloys, which can be applied in the field of automotive light weighting. Herein, micro-arc oxidation
coatings were fabricated on the laser-textured aluminum surface under the voltage of 500 V for
various treatment times (5 min, 15 min, 30 min, 60 min). The anti-corrosion performance of ceramic
coatings on the laser-textured surface was analyzed using electrochemical measurements. The results
of electrochemical measurement indicate that the coating on the sample surface presents two time
constants corresponding to a dual-layer structure. The sample grown under 500 V for 60 min exhibits
excellent protective performance with a value of 1.3 x 10”7 ohm-cm?. The adhesion strength of
laser-textured ceramic coating is improved compared with the as-received substrate. The sample
treated with 500 V for 30 min exhibits the highest bonding strength with a value of 52 MPa. The wider
pores and bulges for the sample grown in 60 min would introduce microcracks and consequently
reduce the adhesion strength.

Keywords: micro-arc oxidation; laser texture; aluminum alloy; electrochemical measurement;
adhesive bonding

1. Introduction

Aluminum alloy, known for its exceptional combination of low density and high
strength, has become an essential material in various industries, such as automotive [1] and
aerospace industries [2]. The application in lightweight structural components effectively
enhances performance [3,4]. Their light weight contributes to fuel economy, reducing
the overall weight of the vehicle without compromising the structural integrity in the
automotive industry, while the aerospace industry relies on aluminum alloys for their
structural components, due to their strength-to-weight ratio, corrosion resistance, and
compatibility with manufacturing processes. However, aluminum alloys present specific
weldability challenges, especially when joining dissimilar materials. Adhesive bonding, an
efficient, cost-effective, and environmentally friendly processing technique, has emerged
as an alternative. It not only reduces the structural weight by about 25%-30% compared
to traditional methods like riveting and welding, but also provides advantages including
decreased stress concentrations at joints, corrosion resistance, and efficiency [5,6].
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The surface modification of aluminum plays a central role in determining adhesion
strength and durability for applications. Laser texturing has attracted much attention by
creating diverse micro- and nanostructures with many advantages [7]. F. Lambiase et al.
treated aluminum surfaces before joining to enhance the mechanical interlock between
substrates by laser texturing [8]. Wan et al. demonstrated that laser treatment induces
physicochemical changes, increasing joint strength by 374% and transitioning the failure
mode from interfacial to mixed [9]. However, adhesive joints encountered the degradation
and poor durability stemming from the interfacial corrosion in humid, hot environments. In
light of this, Bora et al. investigated laser texturing and silane treatment on adhesive perfor-
mance [10]. Notably, silane treatment’s effect on interfacial bond strength is unpredictable
and may reduce interfacial bond strength.

Micro-arc oxidation (MAO) is considered an eco-friendly and effective surface treat-
ment for aluminum. MAO exploits transient high-temperature and high-pressure con-
ditions created by an electrical discharge in an electrolyte solution to promote in situ
generation of oxide ceramic films on metal surfaces, including magnesium, aluminum,
and titanium. The electrical parameters have a significant impact on the discharge energy,
ultimately influencing the microstructure of the ceramic coating. Wang et al. emphasized
that coatings with remarkable corrosion resistance can be obtained by controlling process
parameters [11]. Many studies have explored the corrosion resistance of MAO-treated
aluminum surfaces, confirming its effectiveness. The corrosion resistance performance
is closely associated with process parameters and electrolyte composition. Tran et al.
achieved rapid growth of the micro-arc oxidation layer and improved corrosion resistance
and hardness by adding ammonia to the sodium silicate electrolyte solution [12], while
Wang et al. adjusted the electrical parameters to obtain a coating with improved corrosion
resistance [13]. The dense ceramic coatings exhibit excellent corrosion properties [14-16].
Furthermore, Guan et al. involved the MAO treatment of valve metal surfaces, resulting in
significant adhesive property improvements [17]. The mechanical bond strength is further
improved as the coating roughness and micropore size on the surface increase. Physical
interlocking of the ceramic coating and substrate contributes to excellent adhesion [18-21].
These ceramic coatings exhibit high bonding strength and other advantages such as ex-
cellent durability, corrosion resistance, and insulation. Micro-arc oxidation application
has the potential to significantly improve the surface strength and corrosion resistance of
aluminum alloys [22-24]. However, less attention has been paid to correlations between
laser surface texturing and MAO on the adhesion strength of the 5052 aluminum alloy.

In this work, 20 W nanosecond pulsed laser pulses were used to fabricate microholes
in the 5052 aluminum alloy substrate. We investigated the impact of micro-arc oxidation
treatment time on the corrosion resistance and adhesion strength performance of the laser-
textured surface. The aim was to evaluate the performance of the combination of laser
surface texturing and micro-arc oxidation on adhesion strength. The influence of micro-arc
oxidation time on the adhesion strength of laser microtextured surfaces will be elucidated.
Other parameters, such as the electrolyte, voltage, and current density, will not be discussed
in this study. The micromorphology of ceramic coatings was characterized by scanning
electron microscopy (SEM) and analyzed using an energy-dispersive spectrometer (EDS).
The corrosion resistance was evaluated on an electrochemical workstation. The adhesion
strength was measured by the pull-out method.

The objective is to determine the optimal parameters for the micro-arc oxidation appli-
cation of aluminum alloys, providing both theoretical information and technical support
for the advancement of lightweight materials in the automotive industry. The combina-
tion of increased strength and suitable surface properties can lead to the development of
lightweight components with improved durability and corrosion resistance. The study not
only contributes to ongoing efforts in materials science for automotive applications but
also highlights the importance of surface engineering techniques in pushing the limits of
performance and functionality of lightweight materials.
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2. Materials and Methods
2.1. Material and Coating Preparation

The chemical compositions of the 5052 aluminum alloy used in this research are shown
in Table 1. Plates with a thickness of 2 mm were cut to dimensions of 25 mm x 50 mm.

Table 1. Chemical composition of 5052 aluminum alloy (in wt%).

Element

Si Fe Cu Mn Mg Cr Zn

Al

Content

0.06 0.21 0.01 0.01 2.66 0.19 0.01

Bal.

The samples were polished using sandpaper until they reached a grit of #2400, after
which they were dipped into a 4 g/L NaOH solution at 80 °C for 10 min. Afterwards, the
samples were soaked in a 10% HCl solution at room temperature for 2 min and subsequently
washed with deionized water.

2.2. Laser Surface Texturing and Micro-Arc Oxidation Treatment

The nanosecond laser system (KX-200) is represented in Figure 1 with a schematic
illustration. Samples were mounted on a 3-dimensional translation stage. A 20 W pulsed
laser was used to generate a sinusoidal pattern on aluminum, as shown in Figure 1. The
scanning speed was set at 1000 mm/s. This study aims to investigate and improve adhesion
strength through combined laser microtexturing and micro-arc oxidation. The distinction
in bonding strength is also influenced by laser texturing parameters. Further information
is essential to elucidate this point.

0.1 mm

Figure 1. Schematic illustration of the nanosecond laser system.

A series of samples was obtained by micro-arc oxidation using the experimental
system shown in Figure 2. The silicate electrolyte with KOH (4 g/L) and K,TiFs (5 g/L)
was introduced. Micro-arc oxidation was conducted at 750 Hz, with a positive-to-negative
duty ratio of 35% and a current density of 2 A/dm?. The laser-textured substrate was
treated with various treatment times, as shown in Table 2. The voltage was selected as
500 V for micro-arc oxidation. To remove residual alkali solution on the ceramic coating
surface and prevent erosion, the fabricated samples were immersed into deionized water
with 5-10 min ultrasonication treatment and then dried.

Table 2. The treatment method and treatment time utilized in this study.

No. Surface Treatment MAO Voltage (V) MAO Time (min)
1 As-received - -
2 LST - -
3 LST + MAO 500 30
4 LST + MAO 500 5
5 LST + MAO 500 15
6 LST + MAO 60 60
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Figure 2. The micro-arc oxidation experimental system.

2.3. Characterization Methods and Electrochemical Measurement

MAO ceramic coatings were observed via scanning electron microscope (SEM, SUS3800,
Hitachi, Tokyo, Japan). The texture geometry was evaluated by the 3D profile measurement
microscope (VHX-5000, KEYENCE, Osaka, Japan). Energy-dispersive X-ray spectroscopy
(EDS) characterized element distribution and content on the ceramic coatings.

Electrochemical measurements were carried out by an electrochemical workstation
with a 3.5 wt% NaCl solution (Reference 3000, Gamry, Warminster, PA, USA). A three-
electrode system was employed with the sample as the working electrode. A platinum
mesh was regarded as the counter electrode. The reference electrode was selected as an
Ag/AgCl electrode (3M KCl). Potentiodynamic (DP) measurements were conducted with
the scanning rate of 1 mV/s (over £0.1 V vs. open circuit potential). Electrochemical
impedance spectroscopy was performed with the following characteristics: exposure
area of 1 cm?, frequency from 100 kHz to 0.01 Hz with the voltage amplitude of 20 mV.
Acquired data were analyzed using Zview software (Version 3.2) with specified equivalent
circuit models to obtain comprehensive information on the electrochemical behavior of the
measured samples.

2.4. Characterization Methods and Electrochemical Measurement

The epoxy (AV138M-1, ARALDITE, Basel, Switzerland) was selected as the adhesive in
this study. The base and hardener of the two-component coating were completely blended
together. The coating was placed in a ventilated environment at 25 °C for seven days to
carry out the follow-up test. The adhesion strength for the interface was evaluated based
on the ASTM D4541-2017 standard test method [25].

3. Results and Discussion

The ablation signature indicates sequential layer-by-layer removal of material, similar
to the ablation observed in AlO3 when fabricated with a picosecond laser [26]. As depicted
in Figure 3a, a distinct microwall-like structure is formed due to the melted and recast
material. This phenomenon is further emphasized by the inward flow of the molten
material stemming from the impact of laser pulses. The presence of the microwall structure
above the aluminum substrate increases the depth, which is positive to the enhancement of
adhesion strength.
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Figure 3. SEM top-view of laser texture (a) and 3D profile microscope images (b) of aluminum surface.

Figure 3b indicates the 3D profile microscope images of the aluminum surface with
the microtexture. Microvalleys with complex structures were fabricated by nanosecond
laser ablation, reaching a vertical depth of approximately 28 pm. During nanosecond laser
ablation of the aluminum surface to create lines, many nanoparticles and microparticles
were removed and then deposited along the sides of the ablated lines. These particles were
redeposited along two sides of the ablated lines. The depth illustrates nonuniformity. Rims
and valleys can be observed. This inhomogeneity arises from the formation and expulsion
of molten material owing to local high pressure during laser texturing. The formation of
recast material both within and around the concealed microholes contributes to the growth
of microwalls surrounding blind micropores.

The SEM surface morphology of the ceramic layers on the laser-textured aluminum
surface grown at 500 V for 30 min is depicted in Figure 4. A porous structure is observed.
The sample develops an in situ MAO ceramic coating on the laser-textured substrate. The
aluminum surface has a microtextured structure with ridges and valleys (Figure 4b) in
addition to micro-nanoholes in the micro-arc oxidation coating. It is worth emphasizing that
applying high voltage causes electrical sparks stemming from a higher electrical current.
The strong electric avalanches lead to the initiation of wider micropores. When the voltage
applied is high, the positive voltage more easily suffers from the breakdown potential
of the ceramic coating. Consequently, lots of electron avalanches occur in the vicinity of
the anode leading to more pore initiation. The consolidation of the structural pores is
a result of the high-energy sparks [27]. The ceramic coating is subjected to high electric
current in order to sinter it. The laser-textured aluminum substrate has more concave and
convex microstructuring than the as-received aluminum alloy with faster molten oxidation
in protruding parts. The bonding strength would be affected. According to the EDS
mapping results shown in Figure 5, element mapping of Al, O, Si, Mg, and Ti indicates
that these elements are homogeneously distributed in the coating. The surface analysis
results from the EDS are presented in Table 3, giving an indication of the proportion for
each element. The analysis showed that Al and O were found in the film, occupying a
large proportion, whereas Si, Mg, and Ti account for relatively smaller proportions. The
ceramic coating is mostly composed of silicon-oxygen, magnesium-oxygen, and titanium-
oxygen compounds. Silicon-oxygen compounds have an influence on the roughness of the
MAO coating. The presence of titanium—oxygen compounds can positively enhance the
corrosion properties.
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Figure 4. SEM top-view of the MAO coatings on laser-textured aluminum substrate grown at 500 V
for 30 min. (a) 100x. (b) 1000 x.

g 500 pm

Figure 5. EDS elemental mapping of laser-textured aluminum with MAO treatment at 500 V for
30 min.

Table 3. The compositions on surfaces from EDS analysis (Wt%).

Elements Al (0] Si Mg Ti
content 43.79 41.20 5.81 4.51 3.75

The coating that was developed at a voltage of 500 V displayed a suitable morphology
and chemical composition. Herein, the textured samples were fabricated by micro-arc
oxidation at 500 V for 5 min, 15 min, and 60 min. It is worth reminding that the growth
time of 30 min was investigated earlier. Figure 6 illustrates the impact of growth time
on the surface morphology of the coatings. It can be observed that the diameter of pores
increases over the treatment time, whereas there are cracks and breakdowns on the coarse
surface [28]. The diameter of the micropore is appropriately 3 um for the ceramic coating
grown under the condition of 500 V for 30 min. The formation of a structural pore through
an electrical spark increases its susceptibility to subsequent electron avalanches due to
its lower breakdown voltage compared to non-porous areas. Furthermore, the sequential
occurrence of electrical sparks at a single point leads to larger pores. The coating became
exfoliative and coarse when the applied voltage exceeded a critical value for an extended
treatment time, making optimization impossible to a certain extent. Jiang et al. demon-
strated that high voltage in the electrolyte led to the occurrence of intense sparking arcs,
resulting in negative consequences like the thermal cracking of coatings [29]. A lot of
bulges can generate under the condition of 500 V for 60 min. The formation of wider pores
and bulges initiates microcracks, which in turn reduce the surface area and subsequently
weaken the adhesion between the coating and the substrate.
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Figure 6. SEM top-view of the micro-arc oxidation coatings grown under the voltage of 500 V for
different times: (a) 5 min, (b) 15 min, (c¢) 30 min, (d) 60 min.

The potentiodynamic polarization curves of the coatings are illustrated in Figure 7.
The results show that the corrosion potential of ceramic coatings is almost similar to that
on the substrate. However, the MAO coating exhibits a relatively lower current density,
which can be related to the presence of metal oxides in the coatings. Based on Figure 7a, it
can be observed that the coatings display a consistent decrease in corrosion current density
as the voltages increase, while corrosion potential and polarization resistance continuously
increase. A low corrosion current density suggests a good corrosion resistance. The
corrosion potential and polarization resistance of the bare substrate are —680 mV and
0.69 HA/ cm?, respectively. These values slightly increase to —650 mV and 0.63 nA/ cm?
for the laser-textured surface. The ceramic coating after LST exhibits a maximum of
—616 mV and 4.47 nA /cm?, respectively. The current density dropped almost two orders
of magnitude compared to that of the substrate. Figure 7b illustrates the potentiodynamic
polarization curves of ceramic coatings obtained under 500 V with different treatment time.
The corrosion current density noticeably decreases as the treatment time increases, reaching
a minimum of 2.04 nA/cm? after 60 min. The current density of the MAO sample was
more than 100 times lower than that of the substrate.

(a) —— Substrate 2L (b)
2+ ——LST
—— LST+MAO
& &
ol
§ of S
e 3
g —-2r
D2 (o))
3 3 —— Substrate
-4l ——5min
—— 15 min
-4+ —— 30 min
—— 60 min
-200 -400 -600 -800 -1000 __6200 _4|00 _6I00 _gloo -1000
Potential (mV) vs. Ag/AgCI Potential (mV) vs. Ag/AgClI

Figure 7. Polarization curve for (a) different surface treatment on 5052 aluminum alloy and (b) differ-
ent MAO treatment time at 500 V.
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Figure 8a illustrates impedance spectra in the Nyquist plot for the aluminum substrate
with/without laser texturing and micro-arc oxidation. Generally, the relationship between
resistance and capacitance in charge transfer processes can be reflected by the impedance
arc in the Nyquist plots. The radius of the arc on the impedance is directly proportional
to the corrosion resistance of the sample. A larger radius indicates better corrosion resis-
tance [30-32]. The Nyquist plots of the substrate with/without laser texturing indicate
similar electrochemical behavior. Poor corrosion resistance can be observed in the substrate
for 1.04 x 10° ohm-cm?. However, micro-arc oxidation coating can effectively enhance the
impedance. Laser microtexturing mainly affects the microscopic surface morphology of the
substrate, while micro-arc oxidation leads to the formation of a ceramic coating between
the substrate and electrolyte, showing the possibility of excellent corrosion resistance. The
Nyquist plot shows its high impedance characteristics. The complex plane of coating grown
on the textured surface at 500 V for 30 min was manifested as a straight line, which exhibits

the highest impedance with about 2 x 10° ohm-cm?.
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Figure 8. EIS spectra for (a) different surface treatment on 5052 aluminum alloy and (b) different
MAO treatment time at 500 V.

Figure 8b shows the Nyquist and Bode plots of micro-arc oxidation coatings grown
under different treatment times. The Nyquist plot of the sample grown under 500 V for
60 min displays a large arc that does not end in the low-frequency range, which indicates
the excellent protective performance. The compressed arc, implying two overlapping time
constants, can be deduced from the Nyquist plots for all samples. As the micro-arc oxidation
time increases, the thickness of the ceramic coating continues to increase, thus leading to a
corresponding increase in its impedance. The values of the impedance modulus increased
remarkably from 1.16 x 10° ohm-cm? to more than 107 ohm-cm?. The sample grown at
500 V for 60 min displays a very high impedance with a value of 1.3 x 107 ohm-cm?.

Figure 9 illustrates the equivalent circuit to elucidate the EIS spectra for the samples
with and without micro-arc oxidized coatings. Model A and model B are employed to fit
the EIS spectra of the substrate and textured sample with ceramic coating, respectively.
Constant phase elements (CPEs) are incorporated into the equivalent circuit. Re represents
the electrolyte resistance. R; and CPE; indicate the equivalent resistance and capacitance
of the outer layer of the coating, while R, and CPE; represent the equivalent resistance and
capacitance of the inner layer of the coating. Generally, the condensed inner layer exhibits
better corrosion resistance for external corrosive ions, resulting in higher impedance values.
Conversely, the micro-arc oxidation outer layer of the coating is thinner and contains
certain voids, facilitating the passage of corrosive ions and thus leading to a relatively
lower impedance value. Polarization resistance R, (Rp = Ry + Ry) is commonly considered
as a parameter to evaluate the protective performance. The sample fabricated under the
condition of 500 V for 60 min exhibits the highest resistance value of 1.3 x 107 ohm-cm?,
indicating the best corrosion resistance among the samples. This suggests that this is an
appropriate voltage to reduce the number and size of pores. Moreover, the formed oxides
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such as Al,O3 and TiO; can obstruct the erosion of corrosive ions, enhancing the corrosion
resistance of the ceramic coating [33,34].

@ R CPE ® Ry S
CPE,

R
Ry 1 R

Figure 9. Equivalent circuit diagrams of EIS for aluminum alloy with various surface treatments and
MAO treatment times. (a) Model A. (b) Model B.

Sandblasting is widely regarded as a method of surface treatment, but noise and dust
from sandblasting may be detrimental to the environment. Furthermore, as indicated in
Table 4, preliminary experimental studies show slightly lower adhesion strength in the
samples with sandblasting + MAO treatment compared to those treated with LST + MAO.
The combination of laser microtexturing and micro-arc oxidation can create a structure
on the substrate similar to a gecko’s foot pad, which can increase adhesion strength. The
laser microtexturing treatment is at the center of our attention here. The tensile test results
of the substrate with and without laser texture and micro-arc oxidation are revealed in
Figure 10. Compared with the bare substrate, the textured sample shows an adhesion
strength improvement of 65% with 33 MPa. The textured sample with micro-arc oxidation
illustrates improved adhesion strength with the value of 52 MPa. According to the SEM
graphs, it is clear that in samples without MAO treatment, the adhesive components are
damaged at the interface between the adhesive layer and the substrate. In contrast, for
samples subjected to MAO treatment, the adhesive layer exhibited fractures, resulting
in cohesive failure. This result can be relevant to the porous surface of the aluminum.
The presence of pores on the surface would promote a mechanical interlock between the
oxide layer and the adhesive. When the ceramic coating is subjected to tensile loading, the
distribution and configuration of pores in fact lead to weaknesses in the bonds [35]. The
textured aluminum treated with micro-arc oxidation exhibits enhanced adhesive strength
from 33 MPa to the maximum of 52 MPa. Laser texturing effectively minimizes both
breakage and delamination of MAO coatings, consequently reducing the formation of
the peeling layer. This is achieved by forming an oxide layer after undergoing micro-arc
oxidation treatment. It can be observed that the textured sample with /without micro-arc
oxidation exhibits a similar fractured morphology characterized by an identical pattern.
However, it is important to note that the sample without ceramic coating presents adhesive
failure, while the textured sample with micro-arc oxidation indicates cohesive fracture.
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Figure 10. Adhesion strength of aluminum alloy under different surface treatments.
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Table 4. The adhesion strength for different surface treatments.

Surface Treatment Adhesion Strength (MPa)
As-received 20+3
Sandblasting 30£15

LST 33+3
Sandblating + MAO 46 £ 1.5
LST + MAO 52+1

Figure 11 illustrates the tensile test results of the ceramic coatings grown at 500 V
with treatment times. The adhesion strength gradually increases during 5 to 30 min of
micro-arc oxidation treatment. However, as the treatment time extends to 60 min, the
adhesion strength decreases slightly to 45 MPa. It may be suggested that the presence of
the oxide layer determined the bond strength of the aluminum-epoxy system. The findings
of this research align with previous studies that attribute decreased bond strength to the
presence of a thick oxide layer on the metal surface [36]. The wider pores and bulges
for the sample grown in 60 min shown in Figure 6d would introduce the microcracks
and consequently reduce the bonding strength between the coating and the substrate.
Contrarily, Figure 6c revealed a compact and smooth structure with minimal large pores.
This feature is advantageous as it enhances the effective contact area between the coating
and the substrate while also preventing any potential breakage or spalling.
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Figure 11. Adhesion strength of laser-textured aluminum alloy under different MAO treatment
times.

4. Conclusions

This study investigated the influence of micro-arc oxidation treatment times on the
adhesion strength and corrosion mechanism of ceramic coating on laser-textured 5052 alu-
minum alloy. The size of pores increases with the applied voltage because of the higher
electrical current flowing through the electrochemical cell. The diameter of the micropore
is appropriately 3 um for the MAO coating grown under the condition of 500 V for 30 min.
The Nyquist plot of the sample grown under 500 V for 60 min displays a large arc, which
indicates an excellent protective performance with a value of 1.3 x 107 ohm-cm?. The
textured aluminum treated with micro-arc oxidation exhibits enhanced adhesive strength
ranging from 33 MPa to 52 MPa. The sample without ceramic coating presents adhesive
failure, while the textured sample with micro-arc oxidation indicates cohesive fracture. The
sample treated with 500 V for 30 min exhibits the highest bonding strength. The wider
pores and bulges for the sample grown in 60 min would introduce the microcracks and con-
sequently reduce the bonding strength between the coating and the substrate. This study
mainly focuses on the combined effects of laser microtexturing and micro-arc oxidation
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on the adhesion strength of the aluminum alloy surface. Several parameters play a role
in this process, such as laser microtexture pattern, laser processing parameters, electrical
parameters for micro-arc oxidation, and electrolyte composition. Further information is
essential to explore and elucidate the influence of these factors.

Author Contributions: Conceptualization, C.F.; methodology, X.W. and X.Y.; investigation, W.H.,
Y.D. and H.J.; formal analysis, J.C.; data curation, Y.G.; writing—original draft preparation, C.F.;
writing—review and editing, X.W., X.Y. and W.Z.; funding acquisition, C.E, X.W. and X.Y. All authors
have read and agreed to the published version of the manuscript.

Funding: This work is supported by Dongying Science and Technology Development Foundation
(DJ2020016, FZ20220027) and Shandong Provincial Natural Science Foundation (ZR2022QE186,
ZR2021ME180, ZR2023QE139).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The corresponding author can provide the data supporting the findings
of this study upon reasonable request.

Conflicts of Interest: Author Wei Huang was employed by Dongying Pinmo Import and Export Lim-
ited Liability Company. Author Wangwang Zhang was employed by Dongying City Infrastructure
Pipeline Natural Gas Limited Liability Company. The remaining authors declare that the research
was conducted in the absence of any commercial or financial relationships that could be construed as
a potential conflict of interest.

References

1.  Jin, Q.H.; Chen, J.; Peng, L.M.; Li, Z.Y.; Yan, X,; Li, C.X.; Hou, C.C.; Yuan, M.Y. Research progress in joining of carbon fiber-
reinforced polymer composites and aluminum/magnesium alloys. J. Mater. Eng. 2022, 50, 15-24.

2. Zhang, J.; Dai, W.; Wang, X.; Wang, Y.; Yue, H; Li, Q.; Yang, X.; Guo, C.; Li, C. Micro-arc oxidation of Al Alloys: Mechanism,
microstructure, surface properties, and fatigue damage behavior. J. Mater. Res. Technol. 2023, 23, 4307-4333. [CrossRef]

3. Wang, S.; Peng, X.; Yang, Y.; Wang, S.; Wu, M.; Hu, P; Fu, C. Insight into microstructure evolution and corrosion mechanisms of
KyZrFg / Al;O3-doped hot-dip aluminum /micro-arc oxidation coatings. Coatings 2023, 13, 1543. [CrossRef]

4. Li L, Yang, E; Yan, Z; Xie, X.; Wei, W.; Li, W. Effect of pre-anodized film on micro-arc oxidation process of 6063 aluminum alloy.
Materials 2022, 15, 5221. [CrossRef] [PubMed]

5. Budzik, M.K.; Wolfahrt, M.; Reis, P.; Koztowski, M.; Sena-Cruz, J.; Papadakis, L.; Nasr Saleh, M.; Machalicka, K.V.; Teixeira de
Freitas, S.; Vassilopoulos, A.P. Testing mechanical performance of adhesively bonded composite joints in engineering applications:
An Overview. . Adhes. 2021, 98, 2133-2209. [CrossRef]

6. Gong, W,; Ma, R;; Du, A.; Zhao, X.; Fan, Y. The effects of the pre-anodized film thickness on growth mechanism of plasma
electrolytic oxidation coatings on the 1060 Al substrate. Materials 2023, 16, 5922. [CrossRef] [PubMed]

7. Zou, X, Liu, L,; Chen, T.; Wu, L.; Chen, K,; Kong, L.; Wang, M. Laser surface treatment to enhance the adhesive bonding between
steel and CFRP: Effect of laser spot overlapping and Pulse Fluence. Opt. Laser Technol. 2023, 159, 109002. [CrossRef]

8. Lambiase, F; Yanala, P.B.; Leone, C.; Paoletti, A. Influence of laser texturing strategy on thermomechanical joining of AA7075
aluminum alloy and Peek. Compos. Struct. 2023, 315, 116974. [CrossRef]

9. Wan, H.; Min, ].; Lin, J. Experimental and theoretical studies on laser treatment strategies for improving shear bonding strength
of structural adhesive joints with cast aluminum. Compos. Struct. 2022, 279, 114831. [CrossRef]

10. Bora, M.; Coban, O.; Akman, E.; Oztoprak, B.G.; Kutluk, T. Comparison of novel surface treatments of al 2024 alloy for Al/CFRP
adhesive bonded joints. Int. . Adhes. Adhes. 2020, 103, 102721. [CrossRef]

11. Wang, S5.Q.; Wang, YM.; Zou, Y.C.; Chen, G.L.; Wang, Z.; Ouyang, ].H.; Jia, D.C.; Zhou, Y. Generation, tailoring and functional
applications of micro-nano pores in microarc oxidation coating: A critical review. Surf. Eng. 2021, 50, 1-22. [CrossRef]

12.  Tran, Q.P; Sun, J.K; Kuo, Y.C.; Tseng, C.Y,; He, ].L.; Chin, T.S. Anomalous layer-thickening during micro-arc oxidation of 6061 al
alloy. J. Alloys Compd. 2017, 697, 326-332. [CrossRef]

13.  Wang, P; Wei, WX,; Pu, J.; Zhou, X.L.; Cao, W.J.; Xiao, Y.T.; Gong, Z.Y.; Hu, ]. Effect of current density on characteristics of
2024 aluminum alloy micro arc oxidation coatings with titanium dioxide particles. Int. J. Electrochem. Sci. 2019, 14, 4338-4349.
[CrossRef]

14. Yang, G.; Lu, X; Bai, Y.; Cui, H,; Jin, Z. The effects of current density on the phase composition and microstructure properties of
micro-arc oxidation coating. J. Alloys Compd. 2002, 345, 196-200.

15.  Arunnellaiappan, T.; Kishore Babu, N.; Rama Krishna, L.; Rameshbabu, N. Influence of frequency and duty cycle on microstructure

of plasma electrolytic oxidized AA7075 and the correlation to its corrosion behavior. Surf. Coat. Technol. 2015, 280, 136-147.
[CrossRef]

102



Coatings 2023, 13, 2098

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zhang, J.; Fan, Y,; Zhao, X;; Ma, R.; Du, A.; Cao, X. Influence of duty cycle on the growth behavior and wear resistance of micro-arc
oxidation coatings on hot dip aluminized cast iron. Surf. Coat. Technol. 2018, 337, 141-149. [CrossRef]

Li, Y;; Guan, Y.; Zhang, Z.; Ynag, S. Enhanced bond strength for micro-arc oxidation coating on magnesium alloy via laser surface
microstructuring. Appl. Surf. Sci. 2019, 478, 866-871. [CrossRef]

Wang, P.; Wu, T,; Xiao, Y.T,; Pu, J.; Guo, X.Y. Effects of Ce(SO4), concentration on the properties of micro-arc oxidation coatings on
Z1L108 aluminum alloys. Mater. Lett. 2016, 182, 27-31. [CrossRef]

Xin, S.G.; Song, L.X.; Zhao, R.G.; Hu, X.E. Microstructure and adhesion strength of Al-Si-O micro-arc oxidation coating. J. Inorg.
Mater. 2006, 21, 493-498.

Egorkin, V.S.; Gnedenkov, S.V.; Sinebryukhov, S.L.; Vyaliy, LE.; Gnedenkov, A.S.; Chizhikov, R.G. Increasing thickness and
protective properties of PEO-coatings on aluminum alloy. Surf. Coat. Technol. 2018, 334, 29-42. [CrossRef]

Polat, A.; Makaraci, M.; Usta, M. Influence of sodium silicate concentration on structural and tribological properties of microarc
oxidation coatings on 2017A aluminum alloy substrate. J. Alloys Compd. 2010, 504, 519-526. [CrossRef]

Li, Q.B.; Liu, C.C.; Yang, W.B.; Liang, J. Growth mechanism and adhesion of PEO coatings on 2024Al alloy. Surf. Eng. 2016, 33,
760-766. [CrossRef]

Gecu, R,; Yurekturk, Y.; Tekoglu, E.; Muhaffel, F; Karaaslan, A. Improving wear resistance of 304 stainless steel reinforced AA7075
aluminum matrix composite by micro-arc oxidation. Surf. Coat. Technol. 2019, 368, 15-24. [CrossRef]

Zhang, K.; Yu, S. Preparation of wear and corrosion resistant micro-arc oxidation coating on 7N01 aluminum alloy. Surf. Coat.
Technol. 2020, 388, 125453. [CrossRef]

ASTM D4541-17; Standard Test Method for Pull-Off Strength of Coatings Using Portable Adhesion Testers. ASTM: West
Conshohocken, PA, USA, 2022.

Jagdheesh, R. Fabrication of a superhydrophobic Al,O3 Surface using picosecond laser pulses. Langmuir 2014, 30, 12067-12073.
[CrossRef] [PubMed]

Clyne, T.W,; Troughton, S.C. A review of recent work on discharge characteristics during plasma electrolytic oxidation of various
metals. Int. Mater. Rev. 2018, 64, 127-162. [CrossRef]

Mohedano, M.; Serdechnova, M.; Starykevich, M.; Karpushenkov, S.; Bouali, A.C.; Ferreira, M.G.S.; Zheludkevich, M.L. Active
protective PEO coatings on AA2024: Role of voltage on in-situ LDH Growth. Mater. Des. 2017, 120, 36—46. [CrossRef]

Jiang, X.Z.; Lu, S.; Tang, L.; Wang, Z.X.; Chen, J. Influence of negative voltage on micro-arc oxidation of magnesium alloy under
two steps voltage-increasing mode. Key Eng. Mater. 2013, 575, 472—-476. [CrossRef]

Wang, S.D.; Xu, D.K,; Wang, B.J.; Sheng, L.Y.; Qiao, Y.X.; Han, E.-H.; Dong, C. Influence of phase dissolution and hydrogen
absorption on the stress corrosion cracking behavior of Mg-7% Gd-5% Y-1% Nd-0.5% Zr alloy in 3.5 wt.% NaCl solution. Corros.
Sci. 2018, 142, 185-200. [CrossRef]

Chen, X.W,; Li, M.L.; Zhang, D.F; Cai, L.P; Ren, P.; Hu, J.; Liao, D.D. Corrosion resistance of MoS;-modified titanium alloy
micro-arc oxidation coating. Surf. Coat. Technol. 2022, 433, 128127. [CrossRef]

Wang, S.D.; Xu, D.K,; Chen, X.B.; Han, E.H.; Dong, C. Effect of heat treatment on the corrosion resistance and mechanical
properties of an as-forged Mg-Zn-Y-Zr alloy. Corros. Sci. 2015, 92, 228-236. [CrossRef]

Li, C.; Goei, R.; Li, Y; Shi, J; Liu, E; Li, B.; Gao, Y.; Li, Y,; Li, S.; Tok, A.L Effect of chromium on erosion-corrosion properties of
ZrO,-Al, O3 particles reinforced FE-based composites in artificial seawater slurries. Corros. Sci. 2022, 198, 110138. [CrossRef]
Li, J.; Ma, C.; Wang, ].; Bian, D.; Zhao, Y. Effect of pore content and pH on the corrosion behavior of hydrophobic ceramic coatings.
Int. J. Appl. Ceram. Technol. 2022, 20, 1624-1635. [CrossRef]

Hsieh, S.E; Ou, S.F; Chou, C.K. The influence of the substrate on the adhesive strength of the micro-arc oxidation coating
developed on TiNi shape memory alloy. Appl. Surf. Sci. 2017, 392, 581-589. [CrossRef]

Li, J.X.; Zhang, YM.; Han, Y.; Zhao, Y.M. Effects of micro-arc oxidation on bond strength of titanium to porcelain. Surf. Coat.
Technol. 2010, 204, 1252-1258. [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.

103



E coatings

Article

Post-Wear Surface Morphology Assessment of Selective Laser
Melting (SLM) AlSi10Mg Specimens after Heat Exposure to
Different Gas Flames

Maaz Akhtar I'*, Muhammad Muzamil 2, Muhammad Samiuddin 3, Naser Alsaleh !, Rashid Khan 1,
Mahad Ali Khan 2, Joy Djuansjah !, Ali Khursheed Siddiqui ! and Arfan Majeed *

Mechanical and Industrial Engineering Department, College of Engineering, Imam Mohammad Ibn Saud
Islamic University, Riyadh 11432, Saudi Arabia; naalsaleh@imamu.edu.sa (N.A.);

rakhan@imamu.edu.sa (R.K.); jrdjuansjah@imamu.edu.sa (J.D.); aksiddiqui@mamu.edu.sa (A.K.S.)
Mechanical Engineering Department, NED University of Engineering & Technology, Karachi 75270, Pakistan;
muzamil@neduet.edu.pk (M.M.); mahadali97@hotmail.com (M.A.K.)

Metallurgical Engineering Department, NED University of Engineering & Technology,

Karachi 75270, Pakistan; engr.sami@neduet.edu.pk

School of Mechanical Engineering, Northwestern Polytechnical University, Xi’an 710072, China;
amajeed@mail.nwpu.edu.cn

*  Correspondence: maakhtar@mamu.edu.sa

Abstract: The wear surface morphology of AlSi10Mg specimens, originally manufactured using
selective laser melting (SLM), has been analyzed in the context of exposure to heat from gas flames.
The first stage of the experimental work included the performance of surface heat-exposure on
SLM-prepared specimens through oxyacetylene gas welding. Gas welding was utilized with three
different flames, namely; reducing, neutral, and oxidizing on the as-built specimens of SLM. The post-
surface-treated specimens were subjected to pin-on-disk wear testing against fixed parameters.
After the performance of wear testing at two different radii, the mass loss of each of the four
types of specimens was calculated including the three specimens exposed to heat along with the
as-built specimens. The results showed that the maximum amount of mass losses at 24 mm and
30 mm radii belongs to the neutral flame specimens and the least was for the as-built condition
specimens. Upon analysis, the heat-exposure specimens through all three types of gas flames resulted
in an increase in the amount of mass in contrast to the as-built specimens. Moreover, the morphologies
of the developed wear tracks at surfaces were examined using the scanning electron microscope
(SEM) for the understating of the mechanism.

Keywords: SLM; heat-exposure; wear testing; wear tracks; gas welding; AlSi10Mg

1. Introduction

The term additive manufacturing (AM) is most commonly renowned with the word 3D
printing with the help of layer-by-layer deposition of material in the creation of prototypes
and complex geometries along with controlling waste over substantive manufacturing
and customized production [1]. This technology has equal applications for all types of
industries but especially demanding for aerospace, medical, electrical vehicles, and critical
jigs and fixtures production. However, the research studies are being conducted extensively
in the direction of materials and process optimization. Overall, additive manufacturing has
shown great potential for transforming the manufacturing industry with ongoing research
focusing on further improving the technology and expanding its applications [2].

Aluminum alloys have found a wide range of applications considering and fulfill-
ing the lightweight criterion for the automotive, aerospace, machine construction, and
electronic appliances as well as for the domestic utensils [3]. Aluminum alloys such as
Al-Si, Al-Mg-5i, Al-Cu, and Al-Zn have been identified as resourceful alloys for multiple
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applications along with the capability of displaying higher mechanical behavior upon the
generation of fine precipitates [4] in the matrix. Currently, among the additive manufac-
turing techniques, Laser Powder Bed Fusion (LPBF) is one of the most preferred additive
techniques to produce metallic components with having integration with a high-power
laser source for melting, and become commercially known as Selective Laser Melting (SLM).
The SLM is also expected to revolutionize the manufacturing industry by providing ease in
the cycle of design and flexibility in the time and material utilization by also considering the
geometrical complexity, defect-free, and fully dense parts of high quality [5,6]. AlSi10Mg is
one of the most frequently used aluminum alloys that is integrated with SLM and exhibits
good mechanical behavior in as-built conditions [7]. The authors are particularly concerned
with assessing the wear surface morphology of SLM AlSil0Mg alloy with surface heat
exposure from gas flames.

Many additively prepared aluminum alloys including the AlSi10Mg have the potential
to be used for static and dynamic performances in the automobile and aerospace sector
like in casted conditions. However, sometimes the elevation of temperature approaches
more than 150 °C while operating for a long duration. This can potentially reduce the
mechanical behavior of the developed component causing the coarsening and dissolu-
tion of the developed precipitates even more pronounced in the cases of heat-treatable
aluminum alloys [8]. This will also reduce the useful and service life of the potentially
sliding components. However, a good tribological assessment in terms of the wearing of
these components can help find the remaining life and associated reliability. There are only
two possible cases to increase the life of the components; one is to reduce the friction by
providing good lubrication while the other is to prior assessment and proactive prediction
of wear behavior according to tentative working conditions where it is fitted [9].

To connect with one of the above-discussed situations where the temperature is also
an associated case from any utilized or surrounding commonly fabrication techniques
such as electric arc and gas welding. Surface heat exposure (melting) is a developed
process that locally affects, melts, and solidifies a thin layer from the material’s surface.
Possibly this study can be treated as a simulator to find the changes in surface properties
and functionalities. Therefore, high energy sources are considered such as electric arc,
gas flames, laser, electron, and plasma beam sources for instantaneous melting and further
rapid solidification resulting in changes in composition, microstructure, and ultimately the
consequence on the mechanical behavior. The famous post-surface remelting techniques
for the above objective are laser surface remelting (LSM), electron beam surface remelting,
and plasma surface remelting [10,11].

From the available different techniques, LSM is frequently used for wide applications
for surface remelting that utilize a high-power laser beam for melting. The procedure
involves localized remelting of the surface, which ultimately changes the microstructure
and mechanical behavior in contrast to the base material properties. However, the exact
performance is most likely dependent on operating parameters like laser power, exposure
time, and spot size [12]. Furthermore, surface remelting through an electron beam is also a
high-tech operation and also demonstrated an appreciated potential to remelt the surface,
which tailors the surface properties of metallic materials. The applications of remelting even
prior electroplated with Ni and Ni-WC, and subsequently remelted the surface through
electron beam to withstand extreme temperature and high strength alloys such as Ti-6Al-4V
(TC4) [13] and titanium grade 2 (TA2) [14] is also reported to improve the further surface
hardness and wear resistance. Several studies have also disclosed the consideration of
plasma beam remelting as a good alternative source [15] with key characteristics and
advantages including superior metallurgical bond formation, ease of operation, high
efficiency of heating, and minimal dimensional changes along with localized hardening [16].

The process of providing surface heat-exposure can also be carried out through oxy-
acetylene gas welding operations using different types of flames, such as neutral, carburiz-
ing, and oxidizing flames, to analyze the results on surfaces. This operation is relatively
very cheap in comparison with the above-discussed remelting cases and opens a window
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to execute post-surface heat exposure on the low-temperature lightweight alloys prepared
through additive manufacturing. The importance and the industrial application of the
presented work is to integrate and explore the detrimental effects created on the aluminum
alloys against heat exposure, which were previously cold worked, heat treated, or fabri-
cated from specialized processes for higher mechanical behavior. The exposure to heat may
be experienced as a result of exceeding operational factors including leakage of hot gases,
high-temperature generation near engine components; maintenance procedures nearby
section joining-repair causing repeated heat cycle; or accidental fire. In a similar context,
the cold-worked hole fasteners of aluminum alloy that were provided with the benefit
of compressive residual stresses to delay the crack initiation and growth; experienced
higher fatigue growth rates when exposed to a temperature of 150 °C [17,18]. In addition,
Jabra et al. [19] explored the effect of thermal exposure on different aluminum alloy plates
in different conditions, and reported a reduction in the strength and hardness. However,
Ceschini et al. [20] planned to study the effect of thermal exposure on A356 aluminum
alloy in the casted form to report their mechanical properties; the ultimate tensile strength
and yield strength are reported to decrease by 32% and 40%, respectively, after thermal
exposure at 210 °C for 41 h. This was attributed to the coarsening of precipitates after the
exposure to heat. Therefore, exposure to heat is also critical to assess the high cost and
performance processes such as SLM where higher mechanical behavior is expected by the
user, and even become more severe for heat treatable sensitive alloys such as AlSil0OMg.

As far as the AlSi10Mg is concerned, a typically heat-treatable alloy with good casting
properties along with widely investigated AM alloy with SLM process. Moreover, several
studies have reported extremely fine microstructure that promotes better mechanical behav-
ior in the as-built condition in contrast to solution and T6 heat treatment conditions [21,22].
The coarsening of the microstructure and the disruption of the Si-network while solution
treatment induces ductility and less resistance to wear, and prolonged holding for T6 treat-
ment causes porosity growing is the probable contribution in the reduction of mechanical
behavior comparable to as-built condition. Despite the higher number of studies reporting
the aforementioned behavior considering mechanical properties, process parameter opti-
mization, and morphological studies, only a few research studies available in the literature
report the wear behavior of AlSi10Mg alloy. Tonolini et al. [23] presented a comprehensive
wear behavior comparison of AlSi10Mg considering the as-built, and T6 heat treatment
along with the gravity casting of similar alloy. The as-built AM specimens exhibit the
lowest wear rate, whereas the heat-treatable specimens depicted the worst wear behavior
in contrast to other cases. Another work by Park et al. [24] highlighted the comparison of
mass loss against the as-built, direct aging, and T6 treatment specimens reported a decrease
in the hardness value at the T6 treatment condition but a slight improvement in the mass
loss in comparison to the as-built specimens.

Despite the current trend in the utilization of the above high-cost heat sources to re-
melt the surface and heat-treatment procedures, the exposure of gas welding source on the
surface of AlSil0Mg alloy behavior is not available and the tribological behavior findings
are overall unclear. This executed work is focused precisely on the sliding wear behavior
considering the heat exposure through a gas welding heat source. Moreover, the change
in the surface properties based on heat treatments such as solution heat treatment and
age hardening have been a point of focus for quite some time. However, the study on the
change in surface behavior through heat-exposure considering gas welding with various
flames is a topic less discovered. This research gap was identified and the major aim of
this paper is to study the possibilities of heat exposure on AlSi10Mg alloy through gas
welding by deploying various flames. Nevertheless, high stresses can be created at any
time in severe operating and working conditions and leave the specimens in the previously
mentioned more ductile and less wear-resistant state. Eventually, the pin-on-disc test was
selected to execute the wear testing and the SEM images to understand the wear track
mechanisms of the as-built and heat-exposure surfaces from gas flames.
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2. Experimental and Methodology

The roadmap to execute the overall work is given in Figure 1, which further divides
the work into seven major tasks, including the experimentation execution for specimen
preparation and conducting the wear testing. However, the details of SLM specimens,
surface heat-exposure through oxyacetylene gas flames, and further performance of wear
testing are presented under the domain of this heading; while the processing and post-
processing of the obtained wear testing results including the macro analysis of wear tracks,
microstructure/elemental mapping, and SEM analysis of wear mechanism are presented
and described under the next section as illustrated in Figure 1.

Processing and post-processing of
Experimentation Execution obtained results

A

[ |

| |
A“"yt:‘:tr 4 Macro analysis Microstructure SEM analysis of
‘ we:su“s ne ‘ of wear tracks analysis wear mechanism

Figure 1. Roadmap to execute the overall work; categorically highlighting the experimentation

execution, and processing and post-processing of obtained results.

2.1. Fabrication of AISi10Mg Specimens through SLM

The SLM 280HL (SLM Solutions, Liibeck, Germany) facility is used to prepare the
specimens. The gas-atomized powder of AlSi10Mg was used for the experimentation, the
particle sizes ranged from 15 pm to 58 pm [25]. Moreover, the selection of parameters
is important for the SLM process in achieving a defect-free structure, good mechanical
properties, and maximum relative density. Several researchers have reported different
parameters for the printing of specimens to optimize the process. For this work, the optimal
process parameters are used from the author’s preliminary studies on different targeted
themes such as explicit mechanical behavior and heat treatment behavior [26,27] of SLM
specimens. These considered parameters are given in Table 1. The 2.5 mm walled thickness
SLM specimens were fabricated as similarly produced in the previous study [26] based on
parameters given in Table 1. The schematic illustration of the fabrication of specimens is
provided in Figure 2.

Laser beam

Powder layer Building direction

/ Fabricated layers

Figure 2. Schematic representation of process starting from the SLM machine where the powder is
fused layer by layer in the building orientation in the vertical z-axis direction on checkboard.
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Table 1. Processing parameters and their values for the SLM processing [27].

Technical/Processing Parameters Values/Description
Laser power (kW) 0.32
Scan Speed (m/s) 0.90
Hatch distance (mm) 0.08
Slice thickness (mm) 0.03
Beam focus diameter (mm) 0.08
Scanning strategy 67° with checkerboard
Building direction Vertical
Building substrate plate 280.0 mm x 280.0 mm x 70.0 mm (L x W x H)

2.2. Execution of Surface Heat Exposure from Gas Flames

The prime purpose of the presented research work is to provide heat exposure to
the surface of SLM-prepared specimens through gas flames from welding torch and their
further assessment of behavior through wear testing. Three principal types of flames can
be used from gas welding torch, neutral, oxidizing, and carburizing, each with its unique
characteristics and applications towards joining. In gas welding, the most common type of
flame is the neutral flame, which is created by combining equal amounts of oxygen and
acetylene gas, and its chemical composition is balanced, resulting in a clean and stable
flame. The neutral flame has a light blue inner cone that is bordered by a darker blue outer
cone and is appropriate for welding most common metals.

The oxidizing flame is created by increasing the flow of oxygen while decreasing the
flow of acetylene. This flame has a higher oxygen concentration, resulting in a hotter and
more intense flame. It has a short inner cone and a long, pointed outer cone. The carburizing
flame is created by raising the acetylene flow while decreasing the oxygen flow. This flame
contains more acetylene, resulting in a reducing environment that can allow carbon to be
absorbed into the weld or surface. It has a long, bright inner cone and a smaller, less visible
outer cone. The parameters involved in executing the work are to open the oxygen and
acetylene cylinders at 4 Psi and 5 Psi pressures, respectively. The physical setup of the gas
welding is equipped with the adjusting knobs of gas mixtures at the torch. After the flame
was created, the surface was heated in a single pass. After exposure, the specimen was
cooled in air before being subjected to wear testing at two different radii.

2.3. Wear Testing Execution

As highlighted in Figure 1, wear testing execution is the prime and major objective of
this study, to find out which flame type experiences the most and least mass loss after the
execution of the test. Both the as-built specimen and each of the surface-treated specimens
underwent wear testing. Therefore, in addition to the as-built specimen, wear testing was
carried out sequentially on all three distinctly flame-surface melted specimens. ASTM G99-05
standard [28] test method is followed to execute the wear testing with a pin on the disc
apparatus. This standard covers a laboratory procedure for the determination of wear mass
during sliding using a pin-on-disc apparatus. To execute this test based on ASTM G99-05,
a pin is required which is positioned perpendicular usually a flat circular disc. However,
either the pin specimen or disc specimen may revolve or rotate causing the formation of
circular tracks. In this study, a stationary pin is used against a flat fixture plate, which held
the SLM-prepared specimens.

The further emphasis and guidelines from ASTM G99-05 involve; the equipment
requires a motor drive to rotate the disc at the specified velocity, a revolution counter
(such as a tachometer) to measure the speed, a holder that holds the pin in place and apply
a test force proportional to the mass of the weight, and an electronic mass balance having
a sensitivity of 0.1 mg to measure the mass loss. From this wear testing system, load, speed,
and sliding distance are the possible test parameters from ASTM G99-05 while temperature
and atmosphere may also be accounted for. For this work, tungsten carbide is utilized as
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a superior static pin (stationary), and the mass loss is measured from a revolving special
disk-fixture carrying the SLM specimens.

Based on the above information from ASTM G99-05, the time and radius of the disc-
fixture to achieve the desired sliding distances of testing and rotating speed (Revolution
per Minute (RPM)) are the constant controllable factors in the study to execute the wear
testing and further proceed to mass loss measurements. First, the disk fixture was set
to rotate continuously for 90 s while being subjected to wear testing, and the duration
was monitored using a stopwatch. Secondly, once the specimen is securely placed into the
fixture slot, the speed controller is activated, and the rotating speed is set using the built-in
regulator with the machine to a range of 227-228 PRM. Lastly, the radius between the tip
of the pin and the center of the rotating disk-fixture was calculated using the meter ruler.
The experiment included two sets of values, the first with a radius of 24 mm and the second
with a radius of 30 mm.

The in-house fabricated wear-testing device as shown in Figure 3 was used for testing
that had a pin holder attached to the loading lever, formally called a pin-on-disc machine.
The sequence of wear testing machine adjustment is pictorially illustrated in Figure 3.
As highlighted in Figure 3a, a fixture is placed onto the rotating disc that has a slot to fix the
under-observation specimen and is tightened using the Allen key. The radius of the wear
testing machine needed to adjust at the 24 mm and 30 mm radii, which is possible due to
the sliding mechanism provision provided in the machine. As highlighted in Figure 3a,
the wear testing machine used for this work is shown along with the rotating disc and a
dead load of 1 kg at the edge of the lever. The fixture having two slots placed onto the
disc holder is separately shown in Figure 3b. One slot of the fixture was used to place
the SLM fabricated AlSi10Mg specimen while the other is a dummy, filled with the steel
piece for balance. A tachometer was used to monitor and ensure the speed of the disc as
highlighted in Figure 3¢, and a controller box was in Figure 3d. The observed values for the
mass losses while performing wear testing, one at 24 mm and the other at 30 mm radius are
provided in Table 2. Before and after the execution of testing, the electronic mass-balance
device with a sensitivity of three digits was used to measure the mass loss. Moreover,
the microstructure analysis is also executed using the optical microscope considering the
standardized practices of grinding and polishing, which were etched by Keller’s reagent to
reveal the structure. In addition, the wear surface analysis is executed to ensure the type of
wear and characterized through SEM (Zeiss, Oberkochen, Germany), and the elemental
mapping analysis of the cross-sections done on energy-dispersive X-ray spectroscopy (EDX)
equipped with SEM.

Figure 3. Execution sequence of wear testing; (a) wear testing machine, (b) fixture having two slots

placed onto the disc holder is separately (c) tachometer, (d) controller box.
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Table 2. Shows the mass difference and percentage of mass loss when wear testing is performed at
24 mm and 30 mm radius.

Wear Testing Speci Mass before Wear ~ Mass after Wear Mass Difference Percentage of
Radius pecimen Testing (g) Testing (g) (g) Mass Loss (%)
As-Built 0.498 0.485 0.013 2.610
Wear Testing at Carburizing 0.470 0.453 0.017 3.617
R =24 mm Neutral 0.470 0.450 0.020 4.255
Oxidizing 0.474 0.457 0.017 3.586
As-Built 0.485 0.473 0.012 2.474
Wear Testing at Carburizing 0.453 0.439 0.014 3.090
R =30mm Neutral 0.453 0.436 0.017 3.752
Oxidizing 0.457 0.441 0.016 3.501

3. Results and Discussion
3.1. Mass Loss Analysis after Wear Testing

The developed alloy performance of AlSil0Mg through SLM can be controlled and
analyzed from two perspectives. The first is the material’s developed behavior against
the additive manufacturing process to analyze the as-built properties including tensile
strength, surface roughness, relative density, porosities, and microstructural features. How-
ever, this understanding is already in consideration and presented gradually [29,30] in
multiple studies. The other side is the execution by changing the operating conditions
and parameters such as applied normal load, sliding distance, lubricating condition, or the
testing in harsh conditions integrating with temperature and acidic environment against
any specific post-heat heat exposure and heat-treatment to assess the positive and negative
impact. The subsequent sections featured the effect of oxyacetylene gas flame exposure
and its influence on the surface of SLM-prepared specimens in terms of mass losses.

The results of the pin-on-disc wear testing in the as-built and after the surface exposure
from gas flames are presented in Table 2. For assessing the results of the wear testing, the
difference in the masses of the specimens was noted before and after the experimentation.
Initially, the masses were measured using an electronic weight balance and afterward, the
masses were again measured after the post-surface exposure of wear testing. The experi-
mentation was executed at two different radii, i.e., at 24 mm and 30 mm. The subsequent
mass losses before and after the testing, mass differences, and the percentage of mass losses
are highlighted in Table 2.

Table 2 shows that the surface gas flame-treated specimens maintained a higher
mass loss for every type of flame for both the considered radii than the as-built condition
specimen of SLM. For the execution at a 24 mm radius, the mass loss difference is 0.017,
0.020, and 0.016 g for carburizing, neutral, and oxidizing flames in contrast to the value
of 0.013 g for as-built conditions. Besides the 30 mm radius, the mass loss differences
are 0.014, 0.017, and 0.016 g for carburizing, neutral, and oxidizing flames respectively
when compared to the value of as-built, which is just 0.012 g. The mass loss values for
the heat exposure specimens at the three flames conferred almost the same values at
24 mm except for the neutral flame, while these values are progressively higher than the
obtained value of an as-built specimen. Anyhow, the variation in the mass loss at a 30 mm
radius is more evident within the three types of flames. The lowest mass difference is
captured for the carburizing flame, and the ultimate for the neutral flame, but a similar
progressive increment in the mass loss is allied with the 24 mm radius corresponding to
the as-built specimen.

Figure 4 plots the graphical comparison in terms of the mass loss difference for the
carburizing, neutral, and oxidizing flames at 24 mm and 30 mm of radii used in the wear
testing with the as-built obtained values. However, purely to plot the percentage of mass
loss is not fruitful as the initial mass of the specimens is not constant or the same. It is
observed that the smallest block of mass loss belongs to the as-built condition with the

110



Coatings 2024, 14, 252

values of 0.013 and 0.012 g at 24 mm and 30 mm radii, respectively, as well as the percentage
of mass loss, which is graphically shown at the bottom of Figure 4. However, the other
percentage of mass losses after the heat exposure from different flames is given in Table 2
in comparison with the as-built SLM. The exact mass loss block for carburizing flames is
plotted just above the as-built block, which is the increasing one in comparison to the as-
built condition but the lowest mass loss percentage in contrast to other gas welding flames.
Nevertheless, the oxidizing flame performed better in terms of percentage and difference at
both the radii of 24 mm and 30 mm when compared to the percentage and values of neutral
flame. Concisely, it is evident that the maximum percentages of mass losses occurred when
the specimens were provided with heat exposure through the oxyacetylene gas flames
subject to the same testing condition.

Mass loss Difference (grams)

0 0.005 0.01 0.015 0.02

Mass loss difference in grams

B 30mm Radius m24mm Radius

Figure 4. Difference of mass loss block for all three gas flames and as-built condition specimen at
24 mm and 30 mm radii.

The surface developed through the SLM process in the as-built condition is more
resistant to the penetration of asperities against the wearing as concluded from the results
depicted in Table 2 and Figure 4. The primary cause for this behavior arises from the
strengthening provided by the structure developed in the as-built condition of the SLM
process, while the higher mass loss behavior is connected and explained in the subsequent
Section 3.3 of Microstructure [4]. However, it is also noticed that the grain size plays a critical
role against the sliding action while performing the wear testing [21]. The oxyacetylene gas
flames reduce the grain size prior developed from the process in the as-built condition at
the localized surface. As a result, when the normal load applied to the surface it ultimately
transmitted directly from the weak top surface and offered low resistance to wear. The other
argument for the higher mass loss percentages is the curvature developed at the melted
surface, as shown in the next Section 3.2, is eventually responsible for supporting the
normal applied load. This causes easy exhibitance of the counterface pin asperities to the
weak and soft aluminum melted surface having large grains and curvature, which offers
low resistance and increased mass loss percentages in contrast to the as-built SLM specimen.

3.2. Macro Analysis of Wear-Track Images and Cross-Sections

Figures 5-8 show the macro images of the worn surfaces i.e., the wear tracks of the as-
built, carburize, neutral, and oxidizing flames generated from the oxyacetylene gas welding
respectively. According to the captured macro images, the as-built and the heat exposure
specimens revealed sharp grooves but of different morphological shapes. In comparison to
grooves developed on the as-built surfaces, the grooves of the dry sliding wear test from
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gas flames exposure are more severe in deformation along with an elliptical impression
established at the top surfaces.

Figure 5. Macro images of the As-built specimens wear tracks; (a) the top view of both the wear
tracks grooves (b) wear track images with scale (c) side view morphology of the grooves.

(b)

Figure 6. Macro wear track images of the heat exposure specimens through the carburizing flame;
(a) the top view of the specimen when placed flat on the surface (b) wear track image with scale
(c) side view morphology of the wear tracks grooves.

The worn macro surfaces of the as-built specimens are shown in Figure 5a—c, which re-
vealed that the width and depth are almost identical for both the radii at 24 mm and 30 mm.
Evidently, the worn track width cannot exceed the dimension of 1.3 mm for both radii as
highlighted in Figure 5a—c. However, the width of the tracks is consistent and confined at
the top opening and subsurface. Moreover, the surface is notably deformed after the sliding
duration of 90 s along with the mechanical thermal wear also played their part as the tip of
the pin is in continuous contact with the disc and got heated due to high revolution speeds
of 228 RPM. When comparing with the mass loss of heat exposure specimens as given in
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Table 2, the as-built specimens had relatively less mass loss. The wear grooves are not too
deep and widely opened to be distorted and present as the specimens had tried to counter
the situation from the built-in abrasive rough surface against the counterface part of the
pin. Even, the developed and frozen structure helps in arresting the deformation at the
surface from this natural condition while printing with SLM.

Figure 7. Macro wear track images of the heat exposure specimens through the neutral flame; (a) the
top view of the specimen when placed flat on the surface (b) wear track image with scale (c) side
view morphology of the wear tracks grooves.

Figure 8. Macro wear track images of the heat exposure specimens through the oxidizing flame;

(a) the top view of the specimen when placed flat on the surface (b) wear track image with scale
(c) side view morphology of the wear tracks grooves.

Similarly, the developed morphologies of the wear tracks after carburizing, neutral,
and oxidizing flames are given in Figures 6-8 respectively. The Figures revealed that the
width of the worn tracks increased significantly and approached the value of greater
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than 1.8 mm. Specifically, the wear tracks that went through surface heat exposure based
on the carburizing flame are shown a bit more deeper and have a larger width track as
highlighted in Figure 6a—c in contrast to Figure 5a—c. This is mainly due to the easy initiation
of the plastic deformation due to the comparatively developed soft surface being ploughed
against the sliding wear. The width and the morphology of both the worn track surfaces of
all of the flames are highlighted in Figures 6a,b, 7a,b and 8a,b with a similar characteristic
of wide-opened tracks at the top.

The wear tracks taken from two radii of the specimen surfaces exposed through
neutral gas flames are given in Figure 7a—c. Extreme pullout surfaces and deep elliptical
grooves are shown and resulted for both the radii as depicted in Figure 7a—c for the case
of neutral flames. The wear tracks formed in Figure 7a,c have shown deeper troughs thus
showing that more mass loss has occurred when compared to the other flames. However,
at 24 mm the mass loss with the neutral flame was almost the highest but at 30 mm neutral
flame had comparable mass loss with the other flames. The obtained macro images of
wear tracks developed after the oxidizing flames are given in Figure 8a—c. As it is evident
from the captured wear tracks and results in Table 2; the mass loss was quite significant
as compared to the as-built specimen. Nevertheless, when compared to the other gas
flames, the oxidizing flame had a relatively lower value of mass losses. The more important
characteristics developed from the wear tracks obtained after the heat exposure are; first,
the worn-out surfaces and tracks are smoother and brighter than the as-bulit condition
SLM specimens due to ease of plastic deformation with relatively less rough zones. Second,
the top surface is severely deformed from sliding wear along with baldy affected in terms
of dimensional stability.

In addition, the fine details of the cross-sections after the wear testing of as-built
and gas flame-exposed specimens are presented with the aid of SEM images in Figure 9.
These presented cross-sections (Figure 9) are in agreement with captured macro images pro-
vided in Figures 5-8 in terms of the worn surface features. Similarly, a confirmation of con-
fined and consistent tracks of as-built SLM specimens are highlighted in Figure 9a,b, which
were previously featured at the macro-scale in Figure 5a—c. Moreover, a bit deeper and
larger in width wear tracks are confirmed from the SEM images presented in Figure 9c-h
after the heat exposure from gas flames. However, the distinct feature of porosity is clearly
evident at the cross-sections in Figure 9 after the heat exposure from gas flames that di-
rects the higher mass losses, which was not apparent from the macro wear tracks from
Figures 5-8. According to Figure 9, as-built fabricated specimens have shown fewer pores
(Figure 9a,b), and higher porosities are evident at the cross-sections of heat exposure spec-
imens from gas flames in Figure 9c-h. The porosities are generally characterized at the
macro and micro level porosities, where the cracks are developed from macro porosities,
and micro porosities become more prominent and critical [31] after heat treatment and
heat exposure. A very limited amount of micro porosities are indicated (with arrows) for
the as-built condition specimens in Figure 9a,b, while a series of patches of micro and
macro porosities are apparent after the gas flame exposure. The cross-sections of 30 mm
and 24 mm radii of carburizing flames are provided in Figure 9¢c,d, where both the images
are divided into upper and bottom regions for a better understanding. The mixture of
micro and macro sizes of circular porosities are available at the upper region (highlighted
with white arrows) for both the tracks, and gradually the density decreases as moves
to the bottom region (highlighted with red arrows). Moreover, the cluster and patches
of dense micro and macro porosities are available at the upper regions, and the macro
porosities became more pronounced and opened at the bottom regions of neutral flames
as provided in Figure 9e,f. This is the ultimate reason for providing higher mass loss val-
ues for neutral flame as indicated in Table 2. Furthermore, the cross-sections of oxidizing
flames depicted in Figure 9g,h revealed less dense areas of micro and macro porosities in
contrast to the other two flames but periodically covered with the evidence of micro-pores.
The possible reason for the formation of higher porosities after exposure to gas flames is
the demolished melt pool and dissolution of the eutectic cellular structure of Si, where
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the migration, coalescences of micro-pores, and already trapped gas pores agglomeration
become easier [32].
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Figure 9. SEM images of the Cross-Sections after wear testing; (a,b) as-built specimen at 30 mm
and 24 mm radii, respectively; (c,d) heat exposure from carburizing gas flame, tested at 30 mm
and 24 radii respectively; (e, f) heat exposure from neutral gas flame, tested at 30 mm and 24 radii
respectively; (g,h) heat exposure from oxidizing gas flame, tested at 30 mm and 24 radii, respectively.

3.3. Microstructure and EDX Analysis of Heat-Exposure Specimens

Due to the rapid melting and rapid solidification cycles of the process, the microstruc-
tural aspect creates a stronger influence on mechanical behavior due to the generation of
fine cellular grain structure enriched with Si nano size particle/network in the as-built
condition. While taking the references from the studies on solution treatment and age hard-
ening; the large-size globalized Si particles are formed in the microstructure with the loss
of the interconnected network [33]. This ultimately causes a growth in the Si-particles that
further induces ductility and softness in the Al-matrix [27]. Possibly, a similar situation of
solution treatment has arisen where the network of Si-rich cell boundaries was completely
broken and the Si particle network dissolves in the matrix at the application of surface heat-
exposure from the gas flames. The effect of heat-exposure from the carburizing and neutral
flames on the microstructure is presented in Figure 10. It is evident in Figure 10a,b that the
inherited enriched Si cellular network of SLM is completely dissolved in the matrix, and
even the coarser large Si particle density is quite low after the exposure from carburizing
and neutral flames. However, very few coarse Si particles were observed in Figure 10a,b,
which are highlighted in the form of patches and clusters. It is observed that the density of
undissolved or coarse Si particles is relatively higher for the case of carburizing flame in
Figure 10a than neutral flame exposure given in Figure 10b. The reason for the existence of
large/coarse Si particles at a few places involved the growth of particles at the expense of
smaller ones, or otherwise the incomplete dissolving of the Si-based network in the matrix.

As highlighted in Table 2, the as-built specimens offered higher resistance in terms
of low mass loss due to the ultrafine cellular structure, where the supersaturated cells are
decorated with the network of eutectic Si. These cell boundaries show an interconnected

network consisting of eutectic Si particles with a very small amount of Mg,Si phase [34].

This characteristic microstructure is the ultimate reason for offering the low mass loss in
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the wear testing. However, when the surface exposed to heat through gas flames, shows
a completely different microstructure; the signs of the Si cellular structure completely
vanish. As highlighted in Figure 10a,b, a completely broken or dissolved cellular structure
only existed, which is the ultimate sign and reason for showing higher mass loss after
exposure to gas flames. Moreover, the cellular structure of eutectic Si is transformed into the
bimodal distribution of coarse and fine particles [22], which is distributed in the matrix of
microstructure given in Figure 10a,b. The more concentrated patches of coarse Si particles
are gathered after carburizing flames shown in Figure 10a, which relatively offered more
resistance to wear in contrast to neutral flames where the network is completely dissolved.
Thus, very few signs of clustering and coarse particle patches are exhibited in Figure 10b.
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Cluster and dissolved m of Si-Network
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Figure 10. Optical microstructure after heat-exposure from gas flames (a) carburizing flame exposure,
(b) neutral flame exposure.

The cross-sectional examination of the wear tracks is conducted to assess the elemental
distribution variations through elemental mapping using SEM-EDX. The obtained EDX
mapped locations of the as-built, carburized, neutral, and oxidized specimens are presented
in Figure 11a-h, respectively. Figure 11a,b illustrates the as-built specimen, revealing the
distinct elemental Si cellular network rings, marked separately in Figure 11b. These ele-
mental Si cellular rings are possible due to rapid cooling from the SLM process, where the
supersaturated Si gets trapped in the «-Al matrix, and the remaining residual Si gets
settled or segregated at the cellular formed boundaries [35]. The elemental bar intensity
highlights the low peak of Si as a result of this formed supersaturated solution. In addition,
the minute existence of Mg,5i is also possible at the inside melt pool boundary where Mg
reacts with the eutectic Si forming Mg,Si phases at the sub-cell boundaries [36]. For this
reason, the elemental mapping boundaries of Si and Mg are slightly overlapped as depicted
and observable in Figure 11b.

Figure 11c,d depicted the surface EDX elemental mapping after the heat exposure
to the carburizing flame. The cellular Si network is nearly eradicated after the exposure
of heat, as also confirmed by optical microstructures, where the coarsening of the melt
pool boundary is exhibited along with the existence of nearly circular discontinuous Si
particles. As highlighted in Figure 11d, discontinuous Si elemental mapping is evident with
large circular and undissolved Si particle patches. Moreover, the elemental bar intensity
highlights the slightly high peak of Mg, which may be caused by the formation of Mg;S5i.
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Figure 11. EDX elemental mapping of the cross section of Wear track with different flames; (a,b) as-

built condition SLM, (c,d) carburizing flame exposure, (e,f) neutral flame exposure, and (g,h) oxidiz-
ing flame exposure.
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However, the neutral flame mapping is presented in Figure 11e,f where the Si-rich
cellular network is completely broken and transformed into coarse isolated Si particles [37].
The scattered elemental distribution of Si over the selected surface is visible in Figure 11f.
The higher intensity elemental peak of Si is visible attributed to the amount of Si rejected
from the a-Al matrix to form coarse particles of Si at the expense and dissolution of the
eutectic Si-network. This effect caused a declination in the supersaturation of the x-Al
matrix due to the precipitation of dissolved Si, which is the ultimate reason for showing
higher mass loss values, as provided in Table 2. Furthermore, with the oxidized flame
(Figure 11g/h), the Si content underwent complete dissolution, resulting in the elimination
of the Si network structure and the formation of coarse Si particles due to the agglomeration
and the precipitation from the saturated «-Al matrix [38]. A discontinuous and scattered
coarse Si elemental distribution is visible in Figure 11h. The formation of Mg,Si was
also drastically reduced in the oxidized flame, indicating a significant alteration in the
elemental composition.

3.4. SEM Analysis of the Worn Surfaces after Heat-Exposure

To better understand the effect of surface remelting through oxyacetylene flames on
the wear mechanism of AlSi10Mg, the developed morphologies concerning the wear types
on wear tracks are analyzed through SEM images as given in Figures 12-14 for carburizing,
neutral, and oxidizing flames, respectively. Figure 12a—c shows the wear track developed
for a 24 mm radius while Figure 12d—f is for a 30 mm radius after the exposure from
carburizing flame. Before discussing the exact wear mechanism, the width of the abrasion
groove for 24 mm is greater than 30 mm as superficially a deep furrow is visible in the
middle of Figure 12a. In contrast, a well-confined groove in terms of the shallow furrow is
obtained for 30 mm radius as shown in Figure 12d, which caused a dominant decrement
in the percentage of mass loss from 3.617% to 3.09% from 24 mm to 30 mm radius as also
given in Table 2.

The evaluation of the wear mechanism as a function of carburizing flame against the
observed SEM images is illustrated in Figure 12a—f. The obtained wear patterns indicated
that adhesive wear is the prevalent wear mechanism for both the wear tracks. However,
starting with the generation of an abrasion groove that developed against the interaction of
the sliding pin and the SLM-prepared remelted surface; the wearing away of the material
is the abrasion that grew in the ellipsoidal shape along the major axis in the same direction
of sliding. This ellipsoidal-shaped abrasion groove is highlighted in Figure 12a,d for
24 mm and 30 mm radii and shows extensive plastic deformation. A large amount of
adhered material on the side of grooves has existed that buildup significant material [39],
which is often characteristic for the cases of pin-on-disc testing. This material buildup and
plastic deformation are categorically highlighted in Figure 12a and 12d, and also in the
enlarged detail of Section-A in Figures 12b and 12e respectively. This ultimately suggests
that the adhesion is the predominant wear mechanism [40] and causes a higher mass loss
specifically for the 24 mm radius.

The magnified SEM images shown in Figure 12b,c e, f revealed no traces of abrasive
wear except a limited region highlighted in Figure 12b, which showed the signs of wear
debris adjacent to the wear track boundary. In contrast, a minute percentage of delamination
existed in Figure 12e,f whereas no significant sign in Figure 12a—c. Furthermore, the
sideways examination of the groove revealed the ridges and micro-groove valleys for
24 mm and 30 mm radii highlighted in Figure 12b and 12e that are magnified in Figure 12¢
and 12f, respectively. It is important to note that the wear testing is executed under
an externally applied normal load with a repeated number of cycles that cause extreme
deformation where the sliding pin is able to penetrate from the top surface and create an
abrasion groove at the center of the track [41]. This pin also pushed the upper edge of
the groove and created the sequential ridges valley while traveling circumferentially as
highlighted in Figure 12c. The ridges are concentrated centrally seem like microcutting, and
reduce gradually as moving towards the trailing edge of the specimen. On the contrary, the
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wear track of 30 mm showed micro or sub-groove valley as depicted in Figure 12f, which is
a sign of difficulty in the plastic deformation and improved resistance as highlighted in
Table 2. The morphology of this magnified region exhibited the absence of coarse deep
ploughing as previously observed in Figure 12¢, and showed the patches of craters and
scratching against the sliding surface as depicted in Figure 12e.

EHT = 1500kV Signal A = SE2
WO = 31.8 mm Mag= 50X

EHT = 1500kV
WD = 33.0 mm

ENT = 1500 kV Signal A= SE2
wD=31.8mm Mag= 19X

Micro and SuB-Groqve = 4—6

Micro and Sub-Groove
Valley

EHT = 1500V Signal A= SE2 Date: 1 Jun 2023 ) E EHT = 1500 kV
WD = 330 mm Mag= 80X Time: 8:40:21 WD = 33.0 mm

Figure 12. SEM wear track images of carburizing flame; (a—c) belong to 24 mm radius, (a) elliptical
abrasion groove against dry sliding, (b) expanded view of the area of track [A], (c) expanded view
of the ridges valley; (d—f) belong to 30 mm radius, (d) elliptical abrasion groove against dry sliding,
(e) expanded view of the area of track [A], (f) expanded view of the micro and sub-groove valley
highlighted in Figure 12e.
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500 um EMT = 15,00 AV Signal A= SE2 Date: 1Jun 2023 — EHT=1500kV  SignalA= SE2 Date: 1 Jun 2023
k . wp=322mm Meg= 20X Time: 8:47.50 N — WD =322 mm Meg= 50X Time: 8:48:40

Plastic deformation

/ ‘\
, 2 Delamination

Ridges / Microcutting

from Pin

500 ym EHT = 1500 kV Signal A = SE2 Date: 1 Jun 2023 EHT= 1500 KV

WD = 32.2 mm Mag= 20X Time: 8:49:14 P WD = 31.9 mm Mag= 150X Time: 8:50:36

Figure 13. SEM wear track images of neutral flame; (a,b) belong to 24 mm radius, (a) deep ploughing
abrasion groove against dry sliding, (b) expanded view of the trailing edge highlighting ploughing
and macro ridges; (c¢,d) belong to 30 mm radius, (c) abrasion groove highlighting adhesion, (d) bottom
sideway expanded view.

The representative wear attributes of neural flame surface remelting for both radii are
presented in Figure 13a—d. The SEM images in Figure 13a—c showed extended widths of the
wear tracks in comparison with the previous case of carburizing. Visually a deep ploughing
furrow is obtained for 24 mm radius wear track along with decent plastic flow during
sliding, while relatively constrictive but widened furrow plastic deformation is observed for
30 mm radius. Again, the observed morphologies indicated in Figure 13a,c are ubiquitous
towards the adhesive wear mechanism. The magnified images of the worn surfaces given
in Figure 13b,d also revealed other in-detailed topology features. A considerable portion of
Figure 13b is covered with deep adhesive wear characteristics with severe ploughing and
macro ridges at the trailing edge. Moreover, the complete ploughing of grains that pulled
out from the surface and generated the small pits is also highlighted in Figure 13b. The
track shown in Figure 13a represents the creation of higher contact stresses by frictional heat
induced during sliding [42] in contrast to a larger radius track of 30 mm. In addition, the
magnified image in Figure 13d exhibits the signs of delamination prominently at various
places. While the sideways examination of a similar track in Figure 13d, the limited ridges
valley also developed by pushing the pin along the edge of the abrasion groove.

The effect of oxidizing flame remelting on the worn surface of the SLM-prepared
specimen is shown in Figure 14a—d. The presented wear tracks are developed against the
static pin and the rotating fixture carrying the SLM specimens at 24 mm and 30 mm radii
given in Figure 14a,b and Figure 14c,d respectively. The soft aluminum surface developed
an abrasion groove against oxidizing flames similar to the previous cases of carburizing
and neutral flames. The condition of the developed wear tracks for oxidizing flames is not
as severe as obtained for the neutral flame, and comparable to carburizing flame but with
observable topological features. The widths of the obtained tracks are possibly similar to
Figure 12a—f but the extended transferred sideways are obtained for 24 mm and 30 mm
radii with a nature of longitudinal rough patches accumulated on either side of abrasion
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tracks given in Figures 14a and 14c, respectively. Each sideway is brightly self-illuminated
on either side of the groove and is also highlighted in Figure 14a,c.

EHT = 15.00 kV Signal A= SE2 Date: 1 Jun 2023
WD = 32.6 mm Mag= 20X Time: 8:44:13

WD = 32.6 mm Mag= 50X Time: 8:45:10

EHT = 15.00 kV Signal A= SE2 Date: 1 Jun 2023

EHT = 15.00 kV Signal A= SE2 Date: 1 Jun 2023
WD = 32.6 mm Mag= 40X Time: 8:46:24

EHT = 15.00 kV Signal A= SE2 Date: 1 Jun 2023 e
WD = 32.6 mm Mag= 20X Time: 8:45:51

Figure 14. SEM wear track images of oxidizing flame; (a,b) belong to 24 mm radius, (a) abrasion
groove at the center, (b) expanded view of bottom sideway; (c,d) belong to 30 mm radius, (c) abrasion
groove highlighting both the sideways, (d) expanded view of trailing edge.

The magnified images of both the radii are given in Figure 14b,d, where the consider-
able portion is based on adhesive wear along with the directional macro linear grooves that
were produced due to sliding wear against the reciprocating nature of contact. The typical
characteristic behavior of adhesive wear is prevalent due to the nature of two contacting
surfaces; where the transfer or loss of mass from a less strengthened surface in the dry
non-lubricating condition exhibits. Based on this wear mechanism, categorically the lump
of buildup material against the plastic deformation on either side of the wear tracks is
represented in Figure 14a,c. Moreover, the high contact stressed wear track of a 24 mm
radius also demonstrated the visible fissures of pullout on the eve of opened cracks avail-
able at the boundary of grooves, which is highlighted, with black color, in Figure 14a—c.
Furthermore, the creation of good passive coating also resists and prolongs the removal of
material under the fixed RPM for wear testing, here the generation of a dense aluminum
oxide layer due to the condition provided in the oxidizing flame also existed. This layer
also acts like a solid lubricant and helps in reducing the coefficient of friction [10], and
is further indicative of minor abrasive wear contribution. The presence of pullout and
ejected oxide particles from the wear track surface is evident in Figure 14c,d as separately
highlighted with white color arrows. As depicted in Table 2, the difference in mass loss for
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oxidizing is almost comparable to carburizing and lesser than the neutral flames, which is
possible due to the generation of oxide flame that contributes as a passive blocking while
the bright extended sideways could be due the slight contribution of abrasive wear along
with adhesion.

4. Conclusions

The characteristics, features, and behavior of developed wear tracks of the SLM
fabricated AlSi10Mg alloy specimens have been studied considering the pin-on-disc wear
testing. The following conclusions are drawn after the heat exposure from different flames
oxyacetylene gas welding;:

1.  The wear testing of the as-built SLM specimen exhibits the lowest mass loss of all
of the surface exposure specimens through different flames. Moreover, the smallest
block of mass loss also belongs to the as-built SLM condition with almost identical
values at 24 mm and 30 mm radii, respectively.

2. The wear behavior of SLM AlSi10Mg specimens exhibits nuanced responses to distinct
heat exposures. Notably, the neutral flame produces the highest mass losses at both
the 24 mm and 30 mm radii. However, carburizing and oxidizing flames yield
lower mass losses in contrast to the neutral flame but higher values than the as-built
condition specimens. These findings underscore the influence of heat exposure on
wear characteristics, offering insights for tailored applications.

3. By comparing the macro morphology of the developed wear tracks; the width of
the built-in SLM specimens is sharp and consistent throughout the length though
an elliptical impression; which is more widened at the center for the cases of heat
exposure specimens. Even, the signs of extreme deformation with a bit more deeper
and larger in width tracks for all of the flames, including carburizing, neutral, and
oxidizing, are available along with badly affected dimensional stability.

4. The observed wear pattern for all types of flames indicated that adhesive wear is
the prevalent wear mechanism for both the wear tracks. A large amount of adhered
amount exhibited on both sideways due to plastic deformation along with the ridges
valley and micro-groove valley at 24 mm and 30 mm radii for carburizing flame are
the highlighted features. However, severe ploughing, macro ridges, ploughing of
grains, and delamination are the wear mechanism features of the neutral flame. SEM
analysis revealed extended sideways carrying rough patches of macro linear groove
in the direction of sliding for the oxidizing flame.
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Abstract: This study delves into the impact toughness of medium-thick (12 mm thick) titanium alloy
joints crafted through a multi-layer, multi-pass welding technique that blends laser-arc (MIG) hybrid
welding technology. Microstructural scrutiny, employing optical microscopy, SEM and TEM, unveils
a consistent composition across weld passes, with prevailing o/ o’ phases interspersed with some (3
phase, resulting in basket-weave structures primarily dominated by acicular o’ martensite. However,
upper regions exhibit Widmanstatten microstructures, potentially undermining joint toughness.
Hardness testing indicates higher values in cosmetic layers (~420 HV) compared to backing layers
and bending tests manifest superior toughness in lower joint regions, attributed to smaller grain
sizes induced by repetitive welding thermal cycles. Impact toughness assessment unveils diminished
values in the weld metal (WM) compared to the heat-affected zone (HAZ) and base material (BM),
amounting to 91.3% of the base metal’s absorption energy. This decrement is ascribed to heightened
porosity in upper regions and variations in grain size and phase composition due to multi-layer,
multi-pass welding. Microstructural analysis proximal to failure sites suggests one mechanism
wherein crack propagation is impeded by the 3 phase at acute crack angles. In essence, this study not
only underscores the practicality of laser-MIG hybrid welding for medium-thick TC4 alloy plates but
also underscores the reliability of joint mechanical properties.

Keywords: titanium welding; laser-MIG hybrid welding; microstructural analysis; impact toughness;
medium-thick welded joint

1. Introduction

Titanium alloys have gained significant attention in various industries due to their
exceptional mechanical properties, including a high strength-to-weight ratio, excellent
corrosion resistance, and biocompatibility [1-3]. These properties make titanium alloys
ideal for critical applications such as aerospace components, medical implants, and sporting
equipment. Especially in the actual industrial generation and manufacturing, such as
shipbuilding, aviation, and other fields, the medium-thick cross-section TC4 titanium
alloy is being used more and more widely [4,5]. For this reason, in the manufacturing
process of some large complex structures, TC4 alloys with medium-thick sections need to
be welded for practical use. However, welding titanium alloys presents challenges due
to their high reactivity with atmospheric gases and susceptibility to welding metal (WM)
and heat-affected zone (HAZ) embrittlement [1,6,7]. Traditional metal inert gas (MIG) arc
welding techniques often result in limited weld penetration depth, narrow weld width, and
the formation of weld defects, such as porosity and cracking, particularly in medium-thick
or thick sections of titanium alloys [8,9].

To overcome these challenges and enhance the mechanical properties of welded
joints, researchers have explored various welding techniques, including gas tungsten arc
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welding (GTAW), plasma arc welding (PAW), electron beam welding (EBW), and laser
beam welding (LBW) [1,10-13]. Among these techniques, laser beam welding has emerged
as a promising method for joining titanium alloys due to its high energy density, minimal
heat input, and precise control over the welding process [14,15]. Furthermore, several
researchers have explored the integration of artificial intelligence algorithms and alternative
strategies to enhance the monitoring and adjustment of the welding process [16,17]; yet,
challenges persist in the welding of titanium alloys, specifically concerning these process
issues. To mitigate these constraints, innovative hybrid welding techniques, merging
laser welding with supplementary welding methods, have been introduced. Notably, the
laser-MIG hybrid welding technique has emerged as a significant advancement, offering
enhanced penetration depth, increased weld width, and improved modulation of weld
microstructure [18]. In addition, the use of arc bridging ability can achieve a synergistic
effect of “1 + 1 > 2”. Laser-arc hybrid welding only needs a few layers of thick plate,
which significantly improves the efficiency compared with traditional MIG welding. By
combining the advantages of both laser and MIG welding processes, laser-MIG hybrid
welding offers a potential solution to overcome the challenges associated with traditional
laser welding techniques and produce high-quality welded joints in titanium alloys [7,18].

In recent years, there has been a growing interest in utilizing laser-MIG hybrid welding
for titanium alloys. Several studies have explored the microstructural characteristics,
mechanical properties, and optimization of process parameters in laser-MIG hybrid welded
titanium alloy joints [1,7]. For instance, Su et al. [19] investigated the impact of heat
input (E) on the microstructure and tensile strength of 15 mm thick TC4 alloy plate joints
fabricated through laser-MIG hybrid welding. They observed that increasing heat input
prolonged the residence time of «’ martensite in the high-temperature phase transformation
region, leading to thicker «’ phases and increased p thickness, along with the presence
of dislocations in o’. Moreover, higher heat input resulted in reduced tensile strength.
Brandizzi et al. [20] examined the laser-MIG hybrid welding process for 3 mm thick
TC4 alloy and identified the optimal welding parameters by analyzing the cross-section
morphology of the weld. Compared to laser welding, laser-MIG hybrid welding achieved
well-formed welds with lower heat input, mitigating the risk of weld collapse observed in
laser welding. Chen et al. [21] explored the influence of defocusing amount on porosity
defects in laser-MIG welding of titanium alloy. Their welding simulation revealed that
welding pores primarily resulted from keyhole collapse. Increasing the defocusing amount
reduced laser energy density, shallowed the keyhole depth, and weakened the eddy current
of the molten pool metal, suppressing keyhole-type pore defects. Fan et al. [22] conducted
single-pass welding tests on 5 mm thick TC4 alloy plates using laser-TIG hybrid welding.
Their findings demonstrated that increasing welding current improved the tensile strength
of the welded joint. Yang et al. [23] performed butt welding tests on 6 mm thick titanium
alloy plates by adjusting process parameters in laser-arc hybrid welding. They found that
laser-arc hybrid welding allowed for higher welding speed and lower heat input compared
to traditional arc welding. Additionally, the laser-induced concentration of arc energy
improved microhardness by refining grain structures in the WM and HAZ. Li et al. [14]
compared laser-MIG hybrid welding and laser welding joints of 4 mm Ti-Al-Zr-Fe alloy,
revealing that the former method produced joints with higher ductility. Optimal parameter
settings ensured defect-free welds with no surface oxidation, pores, cracks, or insufficient
penetration. Laser-MIG hybrid welding also demonstrated significant advantages in joining
dissimilar titanium alloy-gold alloys. Gao et al. [24] utilized laser-arc hybrid welding to
connect dissimilar Ti6Al4V titanium alloy with AISI316 stainless steel, investigating the
effects of welding parameters on weld bead shape, microstructure, mechanical properties,
and fracture behavior.

However, scholars mostly focus on the study of thin titanium alloys. For large thick
plates, some scholars adopt narrow-gap laser-arc hybrid welding and beam shaping to
improve the weld formation and performance [25,26], but there are still few studies on the
laser-MIG hybrid welding parameters and their effects on the joint performance of TC4
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medium-thick cross-section alloy, so further studies are needed [9]. In this study, the feasi-
bility and mechanical performance of laser-MIG hybrid welding for joining medium-thick
titanium alloy plates is investigated. Specifically, this study focuses on the microstruc-
tural characteristics, hardness distribution, and impact toughness of the welded joints
fabricated using a multi-layer, multi-pass laser-MIG hybrid welding technique. By compre-
hensively characterizing the microstructure and mechanical properties of the welded joints,
this research aims to provide insights into the optimization of laser-MIG hybrid welding
parameters and the enhancement of joint performance in titanium alloy applications.

2. Experimental Details
2.1. Material

The base material (BM) used is TC4, also known as Ti-6Al-4V, which is one of the
o + f titanium alloys. This material, with a thickness of 12 mm, was fabricated through the
hot rolling process by Baoti Co. Ltd., Baoji, China. The dimensions of the test specimens
are 150 x 100 x 12 mm. TC4 wire with a diameter of 1.2 mm is used for welding, with its
composition detailed in Table 1. The mechanical properties of both the BM and the wire are
presented in Table 2.

Table 1. Element of TC4 alloy.

Element Al Vv Fe C N H (@) Ti
TC4 alloy 6.2 4.05 0.13 0.016 0.007 0.0008 0.131 Bal.
TC4 welding wire 5.96 4.01 0.10 0.012 0.007 0.0001 0.126 Bal.

Table 2. Physical properties of TC4 alloy at 20 °C.

Yield Stress R Ultimate Stress R,
p0.2 m . o,
(MPa) (MPa) Elongation A (%)
TC4 alloy 922 986 13.8
TC4 welding wire 895 993 15.5

2.2. Laser-Arc Hybrid Welding System

The primary equipment utilized during the welding process is depicted in Figure 1.
The laser-arc hybrid welding system, as shown in Figure 1a, consists of a FANUC robot
(FANUC, Oshino-mura, Japan), an IPG Photonics YLS-10000 laser (IPG, New York, NY,
USA) with a 10 kW maximum power, 0.6 mm spot diameter, 300 mm focal length, and
a Fronius TPS4000 arc welder (Fronius International GmbH, Pettenbach, Austria). As
illustrated in Figure 1b, the laser-MIG hybrid welding process for medium-thickness
plates adopts a leading laser and trailing arc configuration, with the laser beam angled at
approximately 85° horizontally and 60° between the laser and the arc. The distance between
the laser beam and the arc is approximately 2.5 mm. A shroud containing 99.999% pure
argon gas is employed during welding to prevent adverse reactions between titanium
alloy and atmospheric elements at high temperatures, ensuring weld quality. Additionally,
high-purity argon serves as the backing gas for the weld.

The dimensions of the laser-MIG hybrid welded titanium alloy specimens are illus-
trated in Figure 2a, featuring a zero gap, 5 mm blunt edge, and double-sided bevel angle
of 30°. Figure 2b depicts the welding sequence and pass distribution, comprising the
1st#, 2nd#, and 3rd# passes corresponding to the back weld, packing weld, and cosmetic
weld layers, respectively. The welding process parameters for the weld joint, determined
through preliminary testing and adjustments, are detailed in Table 3.
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Figure 1. (a) Schematic diagram of the laser-arc hybrid welding process; (b) Schematic diagram of

TC4 plate butt welding.
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Figure 2. (a) Schematic diagram size of laser-MIG hybrid TC4 joint; (b) schematic diagram of welding
sequence and distribution of welding passes.

Table 3. Parameters of TC4 alloy laser-MIG hybrid welding process.

Laser Power Welding Speed  Wire Feed Rate

Number Welding Pass W) (mm/s) (m/min)
1st # Back weld layer 4500 10 10
2nd # Packing weld layer 4000 10 9
3rd # Cosmetic weld layer 6000 16 15

2.3. Microstructure, Hardness, Bending and Impact Properties Tests

The overview diagram of the sampling position of weld properties is shown in Figure 3.
Each pair of plates should be tested in the middle of the weld as far as possible.

Top view of the weld plate

‘ Bending samples

[ -

BM [] [C_JJoint

150mm Metallographic samples

[
l [« Impact toughness samples

Figure 3. Schematic diagram of sampling position.

2.3.1. Microstructure Characterization

To analyze the characteristics and properties of the laser-arc hybrid welded titanium
alloy joint, the microstructure of the joint and BM samples requires characterization and
analysis. Initially, metallographic samples are obtained by wire cutting perpendicular to the
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weld seam, followed by grinding with sandpaper, polishing, and etching in Keller’s reagent
(HF:HNO;3:H,O = 1:3:16) for approximately 25~30 s. Subsequently, the microstructure
of the joint is observed and analyzed using a Zeiss optical microscope (OM, ZEISS temi,
Shanghai, China), a scanning electron microscope (SEM, ZEISS Gemini 300, Oberkochen,
Germany), and a transmission electron microscope (TEM, FEI Tecnai F20, Thermo Fisher
Scientific, Waltham, MA, USA). Among them, the TEM samples were prepared using an
EM Precision Cutter (Model EM-PC300, Shanghai, China) to slice ultrathin sections. These
sections were then thinned to electron transparency using an ion milling machine (Model
IM4000, Shanghai, China). The final thickness was monitored under a light microscope to
ensure optimal electron transmittance for TEM analysis.

2.3.2. XRD Test

The XRD analysis was conducted using a Panalytical Empyrean diffractometer equipped
with a Cu Ka radiation source. The scanning speed was set to 1°/min, covering a 20 range
from 30° to 80°. This setup ensures comprehensive coverage and detailed data collection
for accurate phase identification and lattice parameter calculations.

2.3.3. Hardness Test

The schematic diagram of hardness testing positions is shown in Figure 4, utilizing
an HVS-20 Vickers microhardness tester, with tests conducted in accordance with GB/T
4340.1 [27]. During testing, the ambient temperature is maintained at approximately
20 °C, with a load of 1 kg applied for 15 s and a step size of approximately 0.5 mm for
each indentation.

Figure 4. Schematic representation of the position of hardness tests.

2.3.4. Bending Test

Bend testing, a common method for assessing mechanical properties, is conducted
to evaluate the plasticity and bonding strength between the weld and the BM, with tests
carried out in accordance with GB/T 2653 standards [28]. Rectangular bend specimens
measuring 200 x 20 x 10 mm are cut from the test plates, and the specimens are fixed during
testing. The three-point bending apparatus, with a bending core diameter of approximately
40 mm and capable of bending angles up to 180°, is used to apply a continuous force at
the midpoint between the supports until the specimen bends to the specified angle or
exhibits visible cracking. The same parameter should be tested at least 3 times, and the
corresponding data should be processed.

2.3.5. Impact Toughness Test

The impact toughness testing equipment used is the PTM220 impact tester, with tests
performed at least 3 times once a weld layer in accordance with GB/T 2650 standards [29].
Figure 5 illustrates the sampling scheme for impact test specimens of the titanium alloy
welded joint, with several specimens taken along a plane perpendicular to the weld direc-
tion from both the HAZ and WM. Figure 5b provides a schematic diagram of the specimen
dimensions, with the impact fracture surfaces observed using an SEM (ZEISS Gemini 300,
Oberkochen, Germany).

129



Coatings 2024, 14, 395

(a) (b)
=
| : 55 10
: : \\ 8|10
: N )
I HAZ /L. WMA )

Figure 5. (a) Diagram of positions of impact toughness test specimens; (b) size of specimens (mm).

3. Results and Discussion
3.1. Microstructure Analysis

The microstructure of the BM is illustrated in Figure 6, and it is observed longitudinally
from the rolling direction perpendicular to the plate, where the lighter areas represent
equiaxed primary « phases, and the darker areas depict lamellar « + 3 phases distributed
along the edges of the « phase, with an average grain size of 5 pm.

Figure 6. Microstructure of TC4 base metal by: (a) OM; (b) SEM.

Figure 7a displays the metallographic cross-section of the titanium alloy laser-MIG
hybrid welded joint, where the upper and lower surfaces are ground to approximately
“10 mm” thickness. The WM and HAZ exhibit an overall V-shaped nail-like characteristic,
with the filler layer in the middle occupying a smaller area distribution proportion. More-
over, the grain size of the weld bead in the 3rd# layer is noticeably larger than that at the
bottom (1st# layer). Within the WM, there are a few equiaxed grains, and numerous colum-
nar grains exist on both sides of the weld, with these columnar grains nucleating at the
interface between the BM and the weld and growing toward the center of the weld. During
the solidification process of the molten pool, the temperature at the center of the weld is
higher than at the sides, causing the grains to grow along the temperature gradient and
in the direction of columnar grain growth. As the columnar grains grow, the solid-liquid
interface moves toward the center of the weld, increasing the undercooling. Meanwhile, the
temperature at the center of the weld decreases over time, inhibiting the growth of existing
grains and promoting the formation of new grains, ultimately leading to the formation of
uniformly sized equiaxed grains [27]. In Figure 7b, the macroscopic morphology of the
root and cosmetic layer weld beads on both the upper and lower surfaces under these
parameter conditions is presented. The weld bead surfaces appear silver-white without any
oxidation phenomenon, and there is minimal spatter on the weld bead surface, indicating
overall good formability.
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Figure 7. (a) The microstructure distribution of the welded joint; (b) Macroscopic morphology of
the weld.

Figure 8 depicts the microstructure and distribution of the weld bead in the
3rd# cosmetic layer of the joint at low magnification (OM) and high magnification (SEM)
under a microscope. In Figure 8a, the grain size within the joint ranges from 200 to 600 pm,
with numerous o’ martensite needle-like structures distributed within the 3 primary grain
boundaries. Figure 8b illustrates the approximately vertical distribution of &’ martensite
needle-like structures, forming a basket-weave microstructure. This is attributed to the
rapid cooling during the welding process, leading to the transformation of the 3 phase
into «’. Due to the high nucleation rate of o in different orientations, the size of & clusters
decreases, and the o needles widen and shorten within the original columnar grains. The
o martensite nucleates and grows within the original columnar grains, intertwining with
each other, forming needle-like martensite with a certain orientation relationship, and
terminating upon encountering grain boundaries.

Figure 8. Microstructure of WM of the laser-MIG hybrid welded TC4 joint: (a) OM; (b) SEM.

Figure 9 illustrates the microstructural morphology of the WM and HAZ within the
corresponding regions of the three weld passes in the joint. Due to slower cooling rates
at the center of the weld bead, the surrounding columnar grains exert a certain hindrance
to temperature reduction. Consequently, after heating and temperature elevation, there
is minimal change in temperature once it decreases to a certain extent, leading to rapid
grain coarsening in the WM and the appearance of some larger equiaxed grain structures.
Comparing Figure 9a,ce, it is evident that the grain size in the 3rd# layer weld bead
is significantly larger than that in the previous two passes. The width of the columnar
grains is approximately 400 um in the 3rd# layer weld bead, whereas the grain size in the
1st# layer weld bead is only about 220 um, with the majority being equiaxed grains. This is
primarily attributed to the different welding thermal cycles experienced by the weld beads
in different layers.
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Figure 9. Microstructure of the different zones of laser-MIG hybrid welded TC4 joint. (a) WM in
3rd# weld; (b) HAZ in 3rd# weld; (c) WM in 2nd# weld; (d) HAZ in 2nd# weld; (e) WM in 1st# weld;
(f) HAZ in 1st# weld.

The bottom weld bead undergoes a second heating-cooling cycle while being welded
over the upper layers, with the peak temperature relatively lower compared to the
first cycle [28]. However, it is still possible to reach the temperature for f—«’ trans-
formation. Due to the secondary thermal cycle, the cooling rate accelerates compared to
the previous cycle, preventing the grains from growing. This effectively anneals the bottom
weld bead, to some extent enhancing the uniformity of its microstructure distribution.
Basket-weave structures are observed in all three layers, with coarse Widmanstatten mi-
crostructures formed near the 3 grain boundaries in the WM of the 2nd# and 3rd# layers.
These structures result from the rapid cooling after the transformation from the primary 3
phase, above the B — o transformation point, forming either &’ lamellae or & + (3 lamellae
within the grains.

The microstructural morphology of the HAZ at the three locations exhibits minimal
differences in size. The HAZ is influenced by the heat from the WM, reaching the temper-
ature for « phase to 3 phase transformation. Rapid grain growth occurs in the 3 phase,
with smaller primary (3 grains near the WM due to slower cooling rates and longer dwell
times at high temperatures. After cooling, the microstructure transforms into «’ martensite,
forming an interlocking basket-weave structure. In areas closer to the BM, where the
cooling rates are faster, the dwell time in the § phase is shorter, resulting in finer o grains.
In the transition zone between the HAZ and the BM, the dwell time in the (3 phase is even
shorter, leading to the formation of secondary «’, with some untransformed « phases fused
together to form blocky « phases [29]. Upon completion of cooling, a mixture of secondary
o and blocky « phases forms the microstructure.
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3.2. XRD Analysis

Figure 10 presents the micro-area XRD spectra of different weld passes within the same
weld bead. There are no significant differences in grain orientation among the different
layers, with the majority consisting of «/«’ phases. The 3 phase only appears at the peak
(110), which is close to the position of the o’ peak (0002). Compared to the two layers below
the joint, the diffraction intensity of the hexagonal crystal system grains is relatively higher.
Particularly, in the 3rd# cosmetic layer weld bead, the diffraction intensity of the (10-11)
crystal orientation is significantly higher, indicating a distinct orientation of o/ o’ phases
in the cosmetic layer. This is attributed to the differences in microstructural distribution
and size generated during the solidification process of the molten pool, as well as the fewer
thermal cycles experienced by the upper weld bead during the multi-pass welding process
compared to the lower layers.
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Figure 10. XRD results of different zones of the welded joint.

3.3. Mechanical Properties of the Joint
Hardness Analysis

The hardness curve, as depicted in Figure 11, exhibits a convex profile, indicating
that the hardness in the vicinity of the weld bead’s center is significantly higher than that
in the BM. As is depicted, Figure 11a—c shows the horizontal hardness test results of the
three layers of the weld, respectively. Near the HAZ, the hardness reaches a relative peak,
gradually decreasing toward the HAZ and the BM transition. Due to the close elemental
composition between the weld bead and the BM and the gradual decrease in fusion degree,
the energy for nucleation on semi-melted grains in the fusion zone is minimal. Therefore,
during the solidification of the weld pool, nuclei are first formed near the fusion zone
and grow toward the center of the weld pool in the form of columnar grains. As the
columnar grains continue to grow and migrate, they push lower-melting-point solutes or
impurities toward the center of the weld pool. Consequently, due to the segregation effect,
a large amount of relatively large o’ phases are generated within the weld bead, resulting
in slightly lower hardness values in the middle of the weld bead compared to the HAZ.
Vertically, the hardness value is highest in the cosmetic weld (3rd#), reaching approximately
440 HV. The increased hardness in WM of titanium alloy welding is primarily due to
the microstructure formed by rapid cooling during the welding process. In the WM,
rapid cooling can lead to the formation of fine, hardened «’martensitic phases. This fine
martensitic structure is much harder than the original structure of the titanium alloy, thus
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increasing the overall hardness of the welded area [30]. This is also related to the observed
distribution of Widmanstatten structures [31,32]. The overall variation in hardness values
of the 2nd# and 1st# weld passes is less pronounced compared to the upper layer (3rd#),
with hardness values in the weld bead zone approximately 420 HV.
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Figure 11. Hardness distribution of laser-MIG hybrid welded TC4 alloy joint: (a) 3rd# layer,
(b) 2nd# layer, (c) 1st# layer.

3.4. Bending Test

Table 4 provides the test results for both face bend and root bend tests. The data in
groups 1-3 correspond to the micro-zone positions sampled from the upper (3rd#), middle
(2nd#), and lower (1st#) parts of the joint, respectively. It can be observed that the test forces
in the root bend tests are generally slightly higher than those in the positive bend tests.
Particularly in the third group of specimens, the test force in the root bend test reaches
31.41 kN, which is slightly higher than the highest value of 30.10 kN in the positive bend
test. The standard deviations of the test forces for positive bending and back bending
are 0.08 and 0.69, respectively. This indicates that the joint’s load-bearing capacity under
root bending loading is slightly higher than that under face bending loading, indicating
better toughness performance. The bending results reveal that the bending performance
of the 3rd# weld bead is superior to that of the 1st# and 2nd# weld beads, which may be
attributed to the microstructure size in the WM region.
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Table 4. Results of the bending test.

Number Mode Bending Angle (°) Bending Force (kN) Average Force (kN) Standard Deviation
1-1 9.4 30.05
2-1 Face bending 14.8 29.90 30.02 0.08
3-1 15.7 30.10
1-2 9.6 3141
2-2 Root bending 13.2 31.49 30.96 0.69
3-2 25.1 29.98

This disparity in bending performance can be correlated to the microstructural charac-
teristics observed within the WM. Specifically, the superior performance of the 3rd# weld
bead suggests a finer and more homogeneous microstructure, which is known to enhance
the toughness and load-bearing capacity of the material under stress. Furthermore, the
observed standard deviations imply a more consistent mechanical behavior in the face bend
tests compared to the root bend tests, potentially indicating a more uniform distribution
of residual stresses and microstructural features across the tested zones. Future studies
could further elucidate these relationships by correlating microstructural features with
mechanical properties across different sections of the weld joint, as has been suggested
in the literature [33,34]. This comprehensive approach can offer deeper insights into the
influence of welding parameters on joint performance.

3.5. Room-Temperature Impact Toughness
3.5.1. Impact Toughness Analysis

The results of the room-temperature impact performance in different micro zones of
the joint are shown in Table 5. The impact absorption energy in the WM is minimal, only
30.6 J, while in the HAZ, it is 33.3 ], reaching a level close to that of the BM (33.5 J). The
WM remains the most brittle part of the joint in terms of toughness, whereas the HAZ
exhibits better impact toughness compared to the WM, likely due to smaller dimensions
and a smoother transition in grain size. These findings suggest that HAZ demonstrates
enhanced toughness properties, likely due to the thermal cycling experienced during the
welding process, which may refine the grain structure or alter the phase composition, thus
improving the impact resistance. The BM, with an impact absorption energy of 33.5 J,
shows the highest toughness, indicating that the original material properties are largely
preserved outside of the direct influence of welding heat. Additionally, the variance in
impact absorption energy, represented by the standard deviations, indicates a level of
inconsistency within the zones, with the WM area showing a higher variability (standard
deviation of 2.18) compared to the HAZ (standard deviation of 1.90). This variation could
be attributed to factors such as welding speed, temperature gradients, and material flow
during the welding process, which can introduce heterogeneities in the microstructure,
particularly in the WM. The difference between the WM and HAZ impact toughness
also highlights the right combination can minimize the adverse effects of welding on the
microstructure and enhance the overall performance of the welded joint [35,36].

Table 5. Results of impact toughness test in different locations. (Unit of A,: J).

Number WM HAZ BM

1 33.1 34.0 34.0

2 31.0 30.7 33.0

3 27.8 35.2 335

Average (]) 30.6 33.3 33.5
Standard Deviation 2.18 1.90 0.41

Figure 12 illustrates the macroscopic morphology of the impact fracture surfaces cor-
responding to the results in Table 5. It can be observed that the fracture surfaces of all three
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regions consist of a fibrous zone near the notch, a bright and radially patterned radiative
zone, and shear lips extending along the 45° direction, displaying typical characteristics of
ductile fracture. The fracture surface in the BM appears relatively flat and smooth, without
obvious defects. In the HAZ, some minor pores are present in the radiative zone, while the
shear lips exhibit some larger pores. In the WM, both the radiative zone and the shear lips
feature pores of notably differing sizes (approximately 30-50 um), exhibiting a clustered dis-
tribution, particularly as observed in Figure 12(a2,a3). This phenomenon primarily stems
from the collapse and closure of keyhole pores during the welding process, culminating in
process-induced porosity [9,37]. Such pores are likely to diminish the impact absorption
energy of the WM, consequently reducing its toughness and resulting in a divergence from
the anticipated optimal weld toughness. The specimens in group number 1 exhibit better
impact toughness in all regions, with the fracture surface being the flattest, smoothest, and
showing clear ductile fracture characteristics, with the least number of pores and defects.

Figure 12. Macroscopic fracture morphology of laser-MIG hybrid welded TC4 joint: (al-a3) sampled
WM as the center; (b1-b3) sampled HAZ as the center; (c) sampled BM as the center.

The microstructure characterization of the impact fracture surface in the WM, which ex-
hibits better impact toughness, from the first group of samples is depicted in Figure 13(al,a2).
The fracture surface in the fibrous zone shows numerous and unevenly sized dimples,
indicating a ductile-brittle mixed fracture. These dimples, formed by the accumulation of
microvoids or pores under the action of external force, exhibit ductile fracture characteris-
tics. The radiative zone displays deep micropores clustered in a river-like pattern, along
with some larger micropores that represent tearing dimples. The parabolic direction of the
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tearing dimples indicates the crack source, accelerating local ductile fracture. The central
part of the fibrous zone is mainly composed of unevenly sized equiaxed dimples, indicat-
ing good plasticity, with a small portion showing river-like patterns. The interweaving
distribution of numerous dimples and a few river-like patterns suggests a ductile fracture,
indicating relatively good toughness. Additionally, there is a large shallow pit and a large
micropore, which have minimal impact on the overall impact performance. The fibrous
zone exhibits similar-sized and evenly distributed dimples.

00 pm

Figure 13. Impact fracture analysis of WM of TC4-welded-joint: (al,a2) fibrous area; (b1,b2) radiation
area; (c1,c2) shear lip area.

In Figure 13(b1), the radiative zone of the fracture surface shows dimples of varying
sizes, with small dimples interweaving to form a net-like structure, while larger dimples are
accompanied by cleavage planes. Micropores are clustered on the planar river-like pattern,
with one larger micropore representing a tearing dimple. Near the shear lips, as shown
in Figure 13(b2), the radiative zone of the fracture surface exhibits numerous small, deep,
and densely packed dimples, characteristic of ductile fracture. Additionally, there are some
cleavage planes distributed and relatively fewer deep micropores and large micropores.
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The presence of second-phase inclusions within the micropores contributes to its relatively
good toughness, which is associated with smaller grain size in the lower part of the WM.

Figure 13(c1) elucidates the detection of numerous significant cleavage steps and tear
ridges present in the shear lips area, with dimples of differing scales dispersed across the
cleavage terraces, primarily illustrating transgranular fracture phenomena. In Figure 13(c2),
this area is mainly composed of river-like steps and numerous small cleavage steps, along
with abundant tiny tear ridges. The specimen uniformly exhibits traits indicative of
brittle fracture throughout. This phenomenon is primarily attributed to the persistent
presence of & martensite and Widmanstatten structures within the weld zone [38]. The
coalescence of these microstructural features significantly elevates the brittleness of the
matrix. Consequently, such brittle characteristics are prominently manifested during the
terminal phase of impact-induced fracturing. Overall, the analysis indicates that, while
maintaining welding quality, the impact toughness of the WM can be maintained at a
relatively good level, closely approximating that of the BM [39].

In comparison to existing literature, our study demonstrates superior impact tough-
ness in the WM and HAZ of titanium alloy weld joints. Although the impact performance
of the weld zone has not exceeded that of the base material, it still demonstrates com-
mendably good performance. Specifically, our findings indicate that the impact absorption
energy shows enhanced toughness compared to the research by Balasubramanian et al. [36].
Furthermore, the study by Cui et al. [40] reveals that although the impact toughness of the
weld metal does not surpass that of the base material, the presence of high-angle grain
boundaries positively contributes to the impact toughness. This suggests that our welding
process may offer optimized conditions that preserve or enhance joint performance without
compromising material toughness.

3.5.2. Failure Mechanism of Impact Performance

To enhance the analysis of the microstructural factors contributing to impact crack
failure, we employed TEM to examine the microstructure adjacent to the crack. We selected
samples located near the impact fracture surface of the WM for detailed TEM character-
ization, as illustrated in Figure 14. The analysis of bright-field images and selected area
electron diffraction (SAED) results revealed the presence of a small amount of 3 phase
between the lamellar o/« phases, confirming the validity of the XRD and microscopic
structure analyses. Characterization showed the existence of a small number of disloca-
tions within some &/ o’ phases, while the 3 phase was precisely located at the interfaces.
When subjected to external impact loads, the main impediments to crack propagation are
concentrated at the interfaces near the 3 phase, as these interfaces typically have higher
strain capacities. Therefore, they can initially resist external loads, and when many such
interfaces appear, they can hinder further crack propagation.

Figure 14. (a) TEM image of the microstructure near the fracture; (b) the diffraction spots.
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Figure 15 illustrates a schematic diagram of a failure mechanism based on the results
analysis. It is generally believed that during the impact process, cracks originate from
micropores generated by plastic deformation due to external impact forces [41]. As the
micropores expand, microscopic cracks penetrate columnar grains, mainly propagating
along internal phase boundaries. When the angle of the phase boundary reaches the
minimum energy for fracture, the crack continues to propagate. However, when the angle
between the phase boundary and the crack propagation angle is small, the ability of crack
propagation decreases, eventually leading to its cessation.

(a)
*Impact load

!

"

a/a’ colonies Columnar grains

Figure 15. Schematic diagram of a failure mechanism of impact performance in WM of the joint: (a)
impact diagram; (b) the enlarged area in (a); (c) the enlarged area in (b).

4. Conclusions

This study employed multi-layer multi-pass welding to complete the laser-MIG hybrid
welding of 12 mm thick titanium alloy, and through performance testing and characteriza-
tion, the following findings were made:

(1) Minor differences were observed in the microstructure among different passes,
with all exhibiting o/« phases and a minor presence of B phases, predominantly in
basket-weave structures, primarily consisting of needle-like &’ martensite. However, it was
noted that the upper regions tended to display Widmanstatten structures, which are less
conducive to the enhancement of joint toughness.

(2) The upper layer of the 12 mm laser-MIG composite multi-layer multi-pass weld
exhibited the highest hardness value, peaking at approximately 420 HV. This contrasted
with the lower weld seam, which displayed a smaller hardness peak and variances in
bending performance across different passes. Crucially, the toughness in the lower part
of the joint weld seam outperformed that in the upper part, correlating with the refined
grain size due to repetitive welding heat cycles, highlighting the intricate interplay between
welding parameters and mechanical properties.

(8) The impact performance within the weld seam area did not reach the levels of the
HAZ or the base metal, attaining 91.3% of the base metal’s impact absorption capacity. This
reduction in toughness, particularly in the upper section, can primarily be attributed to an
increased presence of pores. Furthermore, the variation in grain size and phase content due
to multi-layer multi-pass welding creates a differential in toughness across distinct areas
of the fracture surface, illustrating the complex relationship between microstructure and
mechanical properties in welded joints.

(4) Analysis of the microstructure near the failure surface allows us to delineate a
failure mechanism: the initiation of cracks stems from the expansion of micropores during
deformation. The existing 3 phase between the o phases and at their interfaces acts as an
effective barrier against further expansion when the crack propagation angle remains small,
elucidating the intricate fracture behavior of welded joints under stress.
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Abstract: The feasibility of manufacturing high-performance components with complex structures is
limited due to cracks in some superalloys fabricated by selective laser melting (SLM). By controlling
the main process parameters such as scanning strategy, the adverse effects of cracks can be effectively
reduced. In this paper, the effects of two different SLM scanning strategies with island and ‘back-
and-forth” and post-heat treatment on the cracks and mechanical properties of selective-laser-melted
(SLMed) K438 alloy were investigated. The results show that the SLM method of the ‘back-and-forth’
scanning strategy had better lap and interlayer rotation angles and a more uniform distribution
of laser energy compared with the island scanning strategy. The residual stress accumulation was
reduced and crack formation was inhibited under this scanning strategy owing to the cooling and
shrinkage process. In addition, the dislocation motion was hindered by the formation of uniformly
dispersed MC carbides and v’ phases during the SLM K438 alloy process, which resulted in the
density of the as-built SLMed K438 alloy being up to 99.34%, the hardness up to 9.6 Gpa, and
the tensile strength up to 1309 MPa. After post-heat treatment, the fine secondary v’ phases were
precipitated and dispersed uniformly in the Ni matrix, which effectively improved the Young’s
modulus and tensile strength of the alloy by dispersing the stress-concentrated area.

Keywords: K438 nickel-based superalloy; selective laser melting (SLM); scanning strategy; mechanical
properties; heat treatment; crack

1. Introduction

Selective laser melting (SLM) is one of the most widely used additive manufacturing
(AM) technologies for metallic materials [1]. With continuous improvements in SLM
technology, many alloys, including Ti alloys [2], Al alloys [3], nickel-based superalloys [4],
and certain steels, can be successfully processed using SLM, leading to high densities
and favorable mechanical properties [5]. The SLM process demonstrates outstanding
performance in the fabrication of nickel-based superalloys and has clear advantages over
other additive manufacturing processes in terms of geometric complexity, high efficiency,
flexibility, and cost-effectiveness compared to conventional manufacturing methods [6-8].

With the development of SLM technology, the SLMed nickel-based alloys have been
be widely used. For instance, K438 alloy components plays a vital role in both marine and
aerospace industries, which must withstand high temperatures and stresses [9-11]. The
K438 superalloy has complex chemical properties, including Co, Cr, Al, Ti, and Mo [12].
It is mainly composed of disordered (y) substrates, ordered (y’) particles, and various
carbides, which are enhanced by solid solution strengthening, grain boundary strengthen-
ing, and precipitation strengthening [13,14]. Furthermore, K438 heat resistance, corrosion
resistance, toughness, plasticity, and other properties and its reinforcement mechanism are
closely related. The primary method of reinforcement in K438 alloys is the precipitation of
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intermetallic compounds, particularly Niz(Al, Ti), resulting in the formation of y’ particles
within the FCC phase. These alloys display remarkable properties resulting from the solid
solution strengthening of Co and Mo in the matrix, enhanced oxidation resistance due
to a high Cr content, the y-phase precipitation strengthening of Al and Ti, the disper-
sion strengthening through MC and Mj3Cg carbides and boride-forming elements, and
the combined effects of multiple strengthening mechanisms [15,16]. This combination of
strengthening mechanisms gives K438 high-temperature alloys their exceptional properties.
These alloys are especially favored for aero-engine blades and gas turbines due to their
exceptional thermal stability and resistance to thermal corrosion [17-19]. Even at elevated
temperatures ranging from 540 °C to 1000 °C, nickel-based superalloys maintain excellent
mechanical and physical properties.

Although their superior resistance to high temperatures, SLMed K438 alloys are sus-
ceptible to extensive cracks caused by precipitation and cooling stresses during the rapid
solidification and shrinkage stages of the forming process [20]. The high contents of Al and
Ti (Al + Ti > 6%) in these high-temperature alloys, where vy’ serves as the strengthening
phase, increase their vulnerability to cracking during forming, thus impacting the final
material properties [21]. The primary types of cracking observed in K438 alloys are lique-
faction cracking (LC), solidification cracking (SC), and ductility dip cracking (DDC) [22,23].
Liquefaction cracking mainly occurs at grain boundaries, while ductility dip cracking
(DDC) results from low-melting eutectics of y+y’, carbides, and borides [24,25]. DDC
complements liquefaction cracking during the growth phase. For instance, Xu et al. [26]
investigated the liquefaction cracking mechanism of the high-temperature alloy IN-738LC.
They observed that the semi-continuous y+y’ eutectic at the grain boundary, dispersed
during the process of grain boundary liquefaction, locally melted and formed a liquefaction
crack through the rupture of the liquid film. Additionally, Zhang et al. [23] explored crack
propagation in the high-temperature alloy IN738 using laser melting deposition (LMD)
techniques. They identified that microscopic liquefaction cracks initiated at the center along
extended straight grain boundaries and propagated due to the coupling effect of LMD.
In an attempt to address hot tearing at high temperatures, Heydari et al. [27] conducted
a study where the element Zr (0.01 wt.%~0.04 wt.%) content in K438 high-temperature
alloys was varied. The results indicated that a higher Zr content prevents grain aggregation
at grain boundaries but increases the alloy’s susceptibility to hot tearing. Crack failure
caused by cracking is a common and very serious failure mode. Considering the influence
of cracks, the methods of adjusting process parameters and post-treatment are commonly
used to reduce the harm caused by cracks.

Many researchers carried out the influence of process parameters on the mechanical
properties and overall quality of AM products. By varying the process parameters (laser
power, scan rate, scan spacing, layer thickness, and scanning strategy), defects in the
material forming process could be reduced. These defects were a critical factor in the
final properties of the material [5,28]. However, few studies have changed the scanning
strategy to observe the internal structural properties of alloys. As the motion pattern of
the energy beam in space, the scanning strategy is coupling influence by the direction and
sequence of the scanning, the vector rotation angle, and the vector length. During SLM, the
high-speed motion of the energy beam leads to rapid changes in temperature distribution,
which triggers high residual stresses and inhomogeneous deformation, affecting product
quality [29]. Therefore, more and more studies have been conducted to enhance the
product quality of SLM by optimizing the scanning strategy. Rashi et al. [30] improved the
mechanical properties of 17-4PH stainless steels produced by SLM by changing the number
of laser scans per layer in the scanning strategy. It was found that by using a scanning
strategy of two laser scans per layer of powder, the hardness of the samples increased
by 44% and the relative density was approximately 0.06%~0.08% higher. Xu et al. [31]
investigated the histo-mechanical properties of 24CrNiMo low alloy steel produced by
SLM using four scanning strategies and found that the continuous scanning strategy with
a 90° interlayer transition tended to have an equilibrium temperature field, higher relative
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density, minimal residual stress, and the best surface quality. Furthermore, Nong et al. [32]
found that densification, microstructure, crystalline structure, and mechanical properties
could be tailored by SLM using different scanning strategies by comparing four continuous
scanning strategies with different angles on the histological properties of 15-5PH stainless
steel prepared by SLM. The above researches show that scanning strategy can significantly
improve the formability of SLMed superalloy, which has good scientific research value.

Moreover, post-treatment of the specimen is crucial to enhance the internal integrity of
the alloy. The microstructure of an alloy significantly influences its mechanical properties.
Factors such as high residual stresses, excessive internal porosity, and susceptibility to crack-
ing can impact the final mechanical properties of the material. A suitable post-treatment
program can be developed to achieve excellent mechanical properties. For instance, Cao
et al. [33] examined the mechanical properties of IN718 produced by SLM and subjected
to 1080 °C homogenization heat treatment. They discovered that an appropriate amount
of 4 phase, under the influence of the homogenization temperature, acts as a stabilizer
on the grain boundaries, thereby enhancing the grain boundary strength and extending
the creep rupture life of the sample. Additionally, Luo et al. [34] investigated the Inconel
718 alloy produced through selective laser melting with various heat treatments. Their
findings demonstrated that a suitable heat treatment significantly improved the corrosion
resistance of the specimens by reducing micro-segregation and modifying the shape of
the second phase. The heat treatment of the nickel-based K438 alloy primarily involved a
solid solution and aging treatment processes. The solid solution treatment dissolved all the
Y’ particles in the substrate, while the aging treatment led to the reprecipitation of dense
and homogeneous y’ particles of an appropriate size. Sotov et al. [35] compared the effects
of standard heat treatment and hot isostatic pressing (HIP) conditions on the behavior of
the IN738 alloy. They observed an increase in the yield strength at 900 °C for both heat
treatments. Wongbunyakul et al. [36] investigated the microstructural properties of the
IN738 alloy with different temperatures and times of solid solution and aging treatments.
They noted that decreasing aging treatment times and increasing solid solution treatment
temperatures resulted in a consistent decrease in the size and area fraction of y’ particles,
resulting in finer " particles and hardness values above 450 HV.

Thus, this study focuses on the effects of different scanning strategies and post-
treatment on the density of existing K438 alloy materials, type of crack production, charac-
terization of the microstructure, and mechanical properties. In particular, the relationship
between the two scanning strategies and crack formation in the printing process was sys-
tematically studied. The microstructure was used to deeply analyze the root causes of
cracks and the internal mechanism leading to differences in mechanical properties. On this
basis, the subsequent effects on cracks and mechanical properties were further explored
through post-treatment. The findings of this research can contribute to the advancement of
selective laser melting technology by providing guidelines for optimizing the processing
parameters and post-treatment methods to achieve the superior short columnar dendritic
microstructure and higher hardness and tensile strength of K438 alloy samples. Ultimately,
this can lead to the development of high-performance products with improved reliability
and durability, benefiting industries that rely on K438 alloys for their applications.

2. Experiments
2.1. Fabrication of K438 Alloy

The K438 alloy powder was prepared using gas atomization and supplied by Avimeta-
lam. Table 1 provides the chemical composition and composition content of the K438 alloy
powder. The particle size distribution of the powders was determined by laser diffraction:
19.0 um, 33.3pm, and 56.2 um for D10, D50, and D90, respectively. It was observed by SEM
that most of the powders had good sphericity and a smooth surface, and a few powders
had depressions or protrusions, but this did not affect the overall fluidity of the powder, as
shown in Figure 1.
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Table 1. Chemical composition and content of K438 alloy.

Element C Ta Mo W Ti Al Co Cr

Content (wt.%) 0.1-0.2 1.5-2.0 1.5-2.0 24-28 3.0-3.5 3.2-3.7 8.0-9.0 15.5-16.3
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'WD: 25.06 mm Date(m/dly): 08/16/21 Performance in nanospace WD: 25.08 mm Date{m/d/y): 08/16/21 Performance in nanospace

Figure 1. SEM of K438 powder at different magnifications, (a) low power SEM and (b) enlarge-
ment SEM.

The SLMed K438 alloy specimens were printed by a machine named M2 cusing
system (Concept Laser Company, Bayern, Germany). The laser was an IPG fibre laser with
a maximum power of 400 W and a spot diameter of 270 pm. Scanning processes using a
high-speed scanning scope controlled forming accuracy. An isolated air precision powder
feeding structure controlled the oxygen content below 50 ppm using highly pure nitrogen
(99.99%) for protection. The SLM equipment schematic diagram is shown in Figure 2.
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\J ,_:J mirror
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H piston vy | P
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Figure 2. Equipment schematic of SLM.

2.2. Experimental Parameters

In this experiment, the following laser parameters were used: laser power of 370 W,
scanning speed of 700 mm /s, scanning spacing of 0.13 mm, and spot diameter of 270 pum.
The SLMed K438 alloy sample is shown in Figure 2a. As shown in Figure 3¢, two differ-
ent scanning strategies were used to SLM with the same basic process parameters. The
specimens with the ‘back-and-forth” scanning strategy were labeled as S1 while those with
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the island scanning strategy were labeled as S2. ‘Back-and-forth’ scanning strategy is
67° rotation of the adjacent layer scanning vector and all scan lines parallel to each other.
This scanning strategy implemented a non-regional, evenly distributed diagonal scanning
method. Island scanning strategy is 90°rotation of scan vector between adjacent islands.
After completing one region, the next region was scanned along the diagonal direction to
reduce the laser energy concentration. This process was repeated until one layer of printing
was completed. This scanning strategy divided the printing area into rectangular areas
evenly, and the scanning directions of adjacent areas were perpendicular to each other.

Ri—

(a)

j k\\‘:\\\- .
~ n+l1 layer\'N
h 4

Y/ESNSS =
/?/// n layer H

Back and forth scanning strategy

Figure 3. Schematic diagram of scanning strategies: (a) sample preparation of as-built samples;
(b) tensile test sample size; (c) ‘back-and-forth” and island scanning strategies.

The post-treatment procedure consisted of two steps. First, the specimens were
subjected to solid solution treatment at 1120 °C for a duration of 2 h and subsequent
air cooling. The aging treatment was carried out at 850 °C for a duration of 24 h and
air-cooling subsequently. The post-treated S1 and S2 specimens are denoted by HTS1
and HTS2, respectively. The standard process parameters of K438 were used for the
standard post-treatment (solid solution treatment and aging treatment) of the samples after
employing different scanning strategies to observe the tissue evolution and mechanical
properties after the different scanning strategies and post-treatment.

In addition, oxide films and impurities were removed from the substrate surface using
a sandblaster on a substrate made of nickel-based alloy with a thickness of 20 mm. The
substrate was kept at a temperature of 200 °C during the whole preparation and manufac-
turing process. At least two exposures were made in order to minimize heat dissipation
gradients and prevent warping, chipping, and distortion when melting the initial layer of
powder. Two different scanning strategies (island scanning strategy and ‘back-and-forth’
scanning strategy) were used to prepare a square sample to study the microstructure of
a K438 alloy with a size of 10 mm x 10 mm X 10 mm. In addition, in order to study its
tensile properties, a rectangular block with a size of 10 mm x 10 mm x 80 mm was pre-
pared and processed into a round rod-shaped tensile specimen that met the requirements,
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as shown in Figure 3a,b. The SLMed samples were separated from the substrate plate by
wire electrical discharge machining. After post-treatment, mechanical lapping was used
for preparing microstructure observation samples and then mechanically polished with a
50 nm particle-sized suspension. The samples were then etched in a Kalling etchant (11 m
C,H50H, 11 mL HCl acid, 0.5 ml CuCly) for 30 s to observe the morphology, followed by
immersion in an etchant (25 g FeCl3, 25 mL HCI, 100 mL H,O) for 20 s to observe the phase
morphology after etching. Subsequently, the sample was cleaned with alcohol using an
ultrasonic cleaner for 30 min to remove surface impurities. After drying, the samples were
placed in a drying oven for tissue observation.

2.3. Characterization

The experimental samples were analyzed to determine their density, hardness, tensile
properties, and microstructural characteristics using various scanning strategies and post-
treatment. The density of the K438 alloy was determined using Archimedes’ method by
the average of the five measurements with a balance precision of +0.0001 g. Microstructure
analysis was conducted using the optical microscope, scanning electron microscope (SEM)
equipped with energy dispersive spectrometry (EDS), and electron backscatter diffraction
(EBSD). X'pert Pro X-ray diffraction (XRD) was employed to examine and analyze the
phase composition of the samples, using a Cu target with a goniometer movement step of
0.02° and a test angle range of 10° to 100°. Additionally, continuous stiffness measurements
(CSMs) were performed using the nanoindenter, employing a standard Brinell diamond
indenter probe. The measurements were carried out using a constant strain rate of 0.05/s.
The experiments involved an approximate displacement of 800 nm (using a 100 pm radius
indenter), a maximum load of 50 mN, and a dwell time of 20 s. To ensure consistency
in variables, five tensile specimens were tested with all specimens oriented transversely
parallel to the substrate.

3. Results and Discussion
3.1. Density

Figure 4 illustrates the trend in alloy density under various scanning strategies
and post-treatment conditions. The densities of the alloys were calculated by equa-
tion p = p,/pg x 100% for different scanning strategies, with a theoretical density of
8177.1 kg/m?. Pp is the measured density of the specimen block and py is the theoretical
density of the K438 alloy. Significant differences in density between the scanning strate-
gies were observed with a difference of 0.21%, and the ‘back-and-forth” scanning strategy
(S1) resulted in a higher density of 99.34%, as opposed to 99.13% for the island scanning
strategy (52).

The use of the ‘back-and-forth’ scanning strategy resulted in higher densities. This
can be attributed to the unique role of the ‘back-and-forth’ scanning strategy in the process
of scanning. Rotating the direction of the scanning vector by 67° between adjacent layers
resulted in a more uniform heat flow rotation and the alternate formation of a molten pool,
leading to a uniform temperature gradient and complete melting of the particles, resulting
in higher densities [37,38]. The island scanning strategy often started or ended the laser run
at the overlap. The acceleration or deceleration of the laser at these locations resulted in it
staying for longer, causing an increased local heat input at this point [39]. This led to the
formation of a deeper molten pool, making it difficult for gas to escape from the melt. As a
result, the overlap may have contained more small pores in comparison to other regions of
the formed part. The existence of these pores eventually reduced overall density.

As shown in Figure 5, in laser scanning, due to the Gaussian energy distribution
of the laser beam, the central energy is higher and the peripheral energy is lower. The
solidified single-track molten pool also has a higher center and lower edges. In contrast
to the island scanning remelting mode (no inter-layer rotation), the use of the ‘back-and-
forth” scanning strategy with a 67° rotation between each layer compensated for the height
difference between the center and the edges caused by scanning the previous layer. This
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ensured that the overall height difference across the sample surface remained less than the
thickness of the single layer of powder, resulting in a more uniform powder distribution
and higher density. Inter-layer scanning modes with different scanning strategies caused
different melting and solidification modes within the alloy, resulting in different melting
and residual stress distributions due to the rapid melting and solidification processes of
the alloy. Such differences within the alloy also led to different formations of defects such
as cracks, pores, and unmelted pores. Therefore, in the experiments, different scanning
strategies led to differences in the densities of the alloys, even if other process parameters
were kept constant.
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Figure 4. Density of different scanning strategies and post-treatment, (a) Surface OM of S1, (b)
Surface OM of S2, (c) cracks of HT S1 and (d) cracks of HT S2.
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Figure 5. Schematic diagram of powder with different interlayer rotation angles under the same layer
thickness, (a) island scanning remelting mode and (b) ‘back-and-forth” scanning mode.

As a result of the post-treatment, the density of the alloys with the island scanning
strategy and the ‘back-and-forth” scanning strategy was reduced by 0.5% and 0.48%, re-
spectively. During the post-treatment process, the crack morphology changed from fine
to coarse, and the number of cracks increased significantly. After the aging treatment,
recrystallized grains were generated near the original grain boundaries and inside the
grains. As the size of the grains and grain boundaries increased, cracks were generated
at the grain boundaries and propagated along the grain boundaries. At the same time,
the solid solution treatment released residual stresses, contributing to the formation of
microcracks. These microcracks could extend and penetrate the interior of the material to
form pores and the cracks could expand into larger coarse cracks, leading to a decrease in
the density of the post-treatment alloy.
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3.2. Distribution and Types of Cracks

In general, by varying fundamental process parameters such as laser power and scan
speed, one can regulate the depth and width of the molten pool, influence its morphology,
adjust the melting efficiency, and influence the size of the solidification grains. These param-
eter variations directly affect the microstructure and properties of the material, reducing
internal alloy defects while maintaining consistent formation patterns. Consequently, by
independently modifying the scanning strategy of the alloy and subsequently modifying
the laser scanning path and the overlap pattern, it becomes possible to more effectively dis-
cern the influence of different scanning strategies on internal crack defects within the alloy
at the microscopic level. To further investigate the effects of different scanning strategies
leading to internal cracks in the alloy, SEM images showing crack trends after different
scanning strategies and post-treatment were analyzed as shown in Figure 6.

'back and forth' scanning strategy Island scanning strategy

As-built
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Figure 6. SEM images of cracks trend after different scanning strategies and post-treatment, (a) cracks
of S1, (b) cracks of S2, (c) cracks of HT S1 and (d) cracks of HT S2.

The alloys exhibited good forming quality when utilizing the ‘back-and-forth” scanning
strategy. The resulting surfaces exhibited smooth and uniform characteristics. The surface
of the alloy revealed no visible holes or defects. The present micro-cracks, uniformly
oriented, had sizes ranging from 182 to 245 um, as shown in Figure 6a. This is because
the laser vector of the ‘back-and-forth” scanning strategy was parallel and opposite in
many directions to maintain the residual stress at a low level, the distribution tended to
be average, and the cracks were not easy to produce [40]. In contrast, utilizing the island
scanning strategy increased the number of defects within the K438 alloy, as well as the
appearance of pores and keyhole defects. Due to the remelting of the substrate in the
overlap during the laser scanning process and concentration effect of the energy in the
lap region, irregularly shaped and sized keyhole defects were generated and remained
in the next layer. Two different types of vertically extending cracks were observed, with
perpendicular directions, both approximately 250 um in size, as illustrated in Figure 6b.

A comparison of the crack characteristics with the two scanning strategies reveals
significant differences in their crack extension directions. The crack extension direction
within the alloy had a close relationship with the laser scanning strategy, instead of being
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randomly generated. The explanation for this phenomenon has two aspects. Firstly, in
the ‘back-and-forth’ scanning strategy, the scanning directions within the same layer were
parallel and opposite to each other. In this strategy, after completing the previous scanning
vector, the next scanning vector was initiated in the higher-temperature region. This led to
decreasing the temperature gradient and reducing the residual stress [41]. However, as the
scanning process proceeded towards the central region, the laser single-scan path became
longer, leading to an increase in the temperature gradient and a gradual increase in the
residual stress [42]. This produced a number of cracks in the same direction. The multi-
partition scanning mechanism in the island scanning strategy resulted in a shorter single
laser scanning path compared to the non-partitioned ‘back-and-forth’ scanning strategy.
This led to a more even melting and solidification rate of the powder at different locations,
resulting in lower residual stress. Furthermore, repetitive melting and solidification caused
a high laser energy input, which increased the thermal contraction effect of the liquid
phase in the molten pool, further intensifying the level of residual stress [43,44]. While the
temperature gradient inside individual islands was low, it became high at the boundaries
where cracks were more likely to form in the lap region. In the island scanning strategy, the
laser scanning paths were perpendicular to each other at the lap region, which aligned with
the direction of the crack vector. Hence, the length of scanning vectors and the lap pattern
have a direct impact on crack formation in this alloy, and there exists a strong relationship
between the scanning vector and the crack vector [45].

The surface crack states obtained after post-treatment with two different scanning
strategies are shown in Figure 6c¢,d. The number of cracks on the alloy surface increased
after the post-treatment, and originally elongated cracks gradually developed into coarser
and longer structures, as observed. Fine, irregularly orientated short cracks with a size of
about 200-500 um also surrounded these coarse cracks. This phenomenon can be attributed
to the effect of the solid solution aging treatment, which resulted in the melting of the
original coarse grains in the alloy and the precipitation of fine recrystallized grains in the
grain boundary regions. The presence of recrystallized grains increased the number of
grain boundaries and, when internal stresses were applied to the material, these stresses
tended to be concentrated at the grain boundaries. Since grain boundaries were regions of
discontinuity in the crystal structure, this stress concentration led to plastic deformation
near the grain boundary and stress concentration cracks.

Cracking is a common defect problem during selective laser melting under conditions
of high temperature, high stress, welding, and solidification. The main cracking types
include liquefaction cracking (LC), solidification cracking (SC), ductility dip cracking (DDC),
and strain-age cracking after post-treatment. Liquefaction cracking is a common type in
high-temperature alloys, and its occurrence is mainly related to the segregation of the alloy
composition. Using the K438 alloy as an example, during fast cooling, elements that form
v’ phases, such as Al and Ti, accumulate in the intergranular liquid phase and precipitate
v’ phases and y-y’ eutectic mixtures at grain boundaries, resulting in localized variation
in composition. This deviation in composition results in a non-uniform distribution of
composition in the solidification area, and the inhomogeneous y’ phase tends to diffuse
into the matrix and decompose again during melting. Due to the high cooling rate, the
diffusion effect is limited. Therefore, MC or y phases that would normally be present are
now surrounded by a high concentration of MC or y phases, resulting in the formation of a
thin film consisting of a low melting point eutectic composition at the grain boundaries. As
shown in Figure 7, the formation of the above-mentioned film contributes to the liquefaction
of the grain boundaries during melting. However, the liquefied grain boundaries are unable
to withstand the stresses, leading to the formation of liquefaction cracks [46].
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Figure 7. Schematic diagram of the initiation of liquation and solidification cracks in the overlap-
ping zone.

The initiation stage of liquation and solidification cracks in the overlapping zone was
examined. Solidification cracks are formed during the cooling and solidification of the
liquid molten pool. They are distributed between the grain boundaries of the solidified
grains or between the cellular crystals and extend along the coarse cellular crystal tissue to
form long cracks. Solidification cracks are related to the residual stress state, solidification,
and segregation of the alloy. In Figure 8a, the residual stresses at the laser lap are high
due to the internal laser lap of the alloy. The greater the solidification temperature range
of the alloy, the more likely it is that solidification cracks will form. Figure 8a illustrates
that solidification cracks are closely linked to the residual stress, solidification processes,
and segregation phenomena within the alloy. Solidification cracks in nickel-based, high-
temperature alloys mainly stem from inter-dendrites of high-melting-point carbides and
shrinkage holes formed in the final stage of solidification. The overlap of the laser in the
alloy results in relatively high residual stress in the region of overlap. It is worth noting that
the formation of solidification cracks is more probable in alloys with a wider solidification
temperature range. During the cooling and solidification of the liquid molten pool, these
solidification cracks appear and are distributed along the grain boundaries of the solidified
grains or between cellular crystals, eventually propagating along the coarse cellular crystals
to form long, extended cracks.

Figure 8b,d demonstrate the common characteristics of ductility dip cracking. This
phenomenon typically takes place within the heat-affected area of reheated weld metal or
base metal at homologation temperatures ranging from 0.4 to 0.9 [47]. These kinds of cracks
are identified by edges that mostly feature straight and long triangular grain boundaries,
as well as serrated grain boundaries and slip cracks adjacent to carbides or eutectics. In
metals, ductile tilt cracks usually stem from grain boundaries formed by liquefaction cracks
that emerge when alloy grain boundaries experience considerable residual stress exceeding
the bond strength of the interface. Ductility dip cracks are usually short and thin-shaped.
The formation of such cracks is due to multiple factors, including the macroscopic thermal
stresses that arise during the welding process, solidification stresses, and local stresses
generated by the precipitation of M3C¢ carbides at grain boundaries [48].
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Figure 8. Cracks by OM and SEM: (a,c) S1; (b,d) HT S1.

3.3. Microstructure Characterization

Significant changes in microstructure were observed after changing the scanning strat-
egy for the selective laser melting of the K438 alloy. In Figure 9a,a’, it can be seen that the
‘back-and-forth” scanning strategy, with the laser scanning perpendicular to the direction of
the build, resulted in a specific microstructure with parallel orbital structures. Within the
single-track structure, we could observe the presence of perpendicularly oriented cellular
crystals near the edges of the tracks and a homogeneous cellular crystal structure in the
center of the tracks. Due to the adjacent layer rotation of 67° in the ‘back-and-forth” scan-
ning strategy, the size of different columnar dendrites changed with the scanning direction.
The elongated cellular crystals were remelted by the laser in subsequent layers, resulting in
shorter columnar dendritic structures with lengths of 5-15 um. This columnar dendritic
structure tended to have more grain boundaries and finer grains, effectively inhibiting
crack propagation. Furthermore, the grain boundaries, as regions of lower strength in the
material, could play a role in inhibiting crack propagation. Fine grain structures could also
limit the movement of dislocations at the grain boundaries, further improving the crack
propagation resistance of the material. When adjacent tracks were scanned by the laser,
local heating led to thermal expansion and cooling led to the contraction of the material.
When the heat-affected regions of two adjacent tracks overlapped, compressive stresses
caused by thermal stress and cooling contraction developed between the adjacent regions.
This compressive stress helped to tightly bond the material around the grain boundaries,
reducing the propagation of grain boundary defects and cracks.

As shown in Figure 9b,b’, we could clearly observe distinct melting channel boundaries
that were perpendicular to each other. This was typically characterize an island scanning
strategy. The island scanning strategy divided the scan region into multiple islands, and
each island was a radiation unit with different radiation directions [44,49]. As a result, the
island scanning strategy dissipated heat faster than a conventional unidirectional scanning
strategy, and heat did not accumulate significantly between regions, so the quality of the
forming inside each island was better. However, in Figure 9b, some small cracks through
the grain perpendicular to the grain boundary is revealed by SEM. The formation of these
cracks was related to the presence of a 90° transition in the island scanning strategy, which
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led to an increase in the temperature gradient in the lap region and a consequent increase
in residual stress, thus contributing to crack formation.
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Figure 9. Metallographic structure and SEM images of samples under different scanning strategies:
(a,a’) S1; (b,b”) S2.

When low melting point eutectic phases are present in the grain boundaries of high-
temperature, nickel-based alloys, carbide precipitation can occur during cooling due to
their high thermal expansion coefficient. As a result, large shrinkage stresses are gen-
erated during melting and solidification, and these stresses can initiate cracking along
the solid-liquid interface and the formation of small solidification cracks near the grain
boundaries [50]. In this case, the two directions of the melting channels are connected,
but the connected regions show a mixed morphology of columnar and cellular crystals.
Due to the characteristics of the island scanning strategy, where each island undergoes
rapid solidification through different cooling directions, a mixture of short and thin cellular
crystals as well as cellular crystals with different orientations and irregular morphology
are produced.

Figure 10 show the micrographs under both scanning strategies after standard post-
treatment. As can be seen from the Figure 10, the orbital structure of the two scanning
strategies were disappeared and the grain growth was affected by the migration of the
grain boundary after post heat treatment processing. However, a large number of refined
recrystallized crystals (columnar subcrystals, honeycomb subcrystals) emerged near the
original crystal boundary. The reason for this phenomenon is due to the decrease in
the grain boundary resulting the binding force could not support the internal stress and
the dislocations moved to the grain boundaries. A large number of dislocations causes
the orientation difference of the grain boundary to increase and the proportion of the
apparent angular crystal boundary (8 > 15) gradually increase. Those refined recrystallized
crystals hindered the growth of recrystallized grains and causing irregular forces at the
grain boundary.
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Figure 10. Metallographic structure and SEM images of samples subjected to various post-treatment
conditions: (a,a”) HT S1; (b,b") HT S2.

After aging treatment, elements such as Al, Ti, and Ni in the alloy precipitated from
the grain boundaries and formed a large number of M»3;C¢ carbides with the carbon in
the matrix, forming banded regions of carbide distribution. This carbide precipitation
adversely affected the plastic deformation capability of the grain boundary region, making
it more brittle and reducing the plasticity of the grain boundary. When external stress
was applied to the grain boundary region, cracks easily formed and propagated along the
grain boundary due to the difficulty of plastic deformation in the brittle grain boundary.
In addition, phase transformations during heat treatment were another important factor
in crack formation, such as the dissolution of the y’ phase during solid solution treatment
and the precipitation of the secondary vy’ phase during aging treatment. These phase
transformations led to changes in grain structure and size, causing an accumulation of
stresses. If these stresses exceed the strength limit of the alloy, cracks can form from the
phase interface. However, residual stresses in the alloy can also be released by cracks.
Once a crack has formed, the thermal expansion of the alloy is limited and energy is
rapidly released through the crack expansion region, reducing the temperature gradient
and thus slowing the rate of crack expansion. This inherent stress release can counteract
to some extent the crack expansion caused by stress build-up, helping to limit further
crack expansion.

Figure 11 displays the orientation image microscopy (OIM) maps in the XY plane,
based on the inverse pole figure (IPF), for both scanning strategies and post-treatment [51].
In this representation, the [001] orientation is depicted in red, the (101) orientation in
green, and the (011) orientation in blue. The grain structure of both scanning strategies
primarily consisted of columnar and equiaxed crystals in the as-built state. As illustrated
in Figure 11a, under the ‘back-and-forth’ scanning strategy, the cellular crystals exhibited a
pronounced (001) orientation. Notably, different particles exhibited different color changes,
indicating that the rotation angle between continuous layers led to significant orientation
differences. On the other hand, in the island scanning strategy depicted in Figure 1lc,
attributed to the substantial 90° orientation difference between the scanning directions
of adjacent islands, coupled with directional solidification within each island, the grains
exhibit different orientations due to the variation in cooling rates among neighboring
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cellular crystals. Additionally, at the grain boundaries of the cellular crystals, there was
the presence of unevenly sized equiaxed crystals. Following the standard post-treatment,
the number of cellular crystals noticeably increased, and a considerable population of
recrystallized grains with comparable colors emerged within the sample.
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Figure 11. OIM images in the X-Y plane based on different scanning strategies and post-treatment
conditions: (a) S1; (b) HT S1; (c) S2; (d) HT S2; (e) misorientation angle distribution.

Due to minimal grain deformation, the recrystallized grains exhibited a low orientation
gradient. While the coarse grains underwent SLM and aging treatment, resulting in
the formation of uniformly sized equiaxed grains, as illustrated in Figure 11b,d. Grain
boundaries displaying misorientation angles ranging from 2° to 15° were classified as
low-angle grain boundaries (LAGBs), whereas those with larger misorientation angles were
considered high-angle grain boundaries (HAGBs). Dislocations migrated along the grain
boundaries, being absorbed by both the grain boundaries and the LAGBs, thus leading to
the conversion of LAGBs into HAGBs [52]. Notably, the significant peak increase in HAGBs
occurred at approximately 35°. The HAGBs exhibited numerous intricate agglomerates,
and fine equiaxed grains were observed within the grains. Subgrain nucleation were
mainly occurred in the subgrains, as shown in Figure 11e. After post-treatment, the smaller
misorientation meant that the orientation difference of grain boundaries was smaller and
the grain boundaries were more stable. In addition, the size of the misorientation also
affected the behavior of crystal defects and grain boundary migration in the crystal. The
smaller misorientation could reduce the dislocation density of the grain boundary, thereby
improving the tensile strength of the material.

K438 is a precipitation-strengthened alloy, with its strengthening effect mainly achieved
through the dislocation hindering mechanism of v’ phases and carbides. To verify the
presence and variation of the strengthening phases and carbides in the alloy, both the

155



Coatings 2024, 14, 414

as-printed alloy and heat-treated samples were analyzed using X-ray diffraction (XRD)
patterns, as depicted in Figure 12c. Upon comparison with the physical phase cards in the
standard physical phase database (PDF database), several well-defined diffraction peaks
were detected in the prepared samples. These peaks corresponded to the matrix y phase of
the FCC structure and the (111), (200), and (220) crystallographic planes of the reinforced y’
phase of the K438 alloy. SEM images were used to observe the morphological evolution of
the v’ phase under the ‘back-and-forth” scanning strategy. During the as-built process, the
austenitic matrix underwent the transient nucleation and growth of v’ phases due to rapid
melting and solidification induced by SLM and higher laser temperature. The y’ phases in
the alloy exhibited a square structure. Variations in cooling rates resulting from different
scanning strategies caused differences in the sizes of v’ phases in different parts of the alloy.
The larger v’ phase, illustrated in Figure 12a, measured approximately 8.5 um and was
surrounded by several nanoscale, fine v’ phases.
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Figure 12. ‘Back-and-forth” scanning strategy v’ phase evolution: (a) print state; (b) post-processing;
(c) XRD diffraction pattern of the specimen post-treatment; (d—f) EDS analysis of carbide of HT S1.

After post-treatment, the v’ precipitated phases melted at around 1170 °C. The coarse
square Y’ phase within the material dissolved, resulting in the precipitation of a homo-
geneous mixture of fine v’ phases, consisting of both square and round shapes, with an
average size of approximately 0.1 pm, as shown in Figure 12b. The interfacial and strain
energies influenced the variation of the shape of the v’ phase in the solid solution. At low
temperatures, there was an increased mismatch between the y and y’ phases, and the shape
of the vy’ phase was primarily influenced by the strain energy. Since the strain energy was
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smaller for a square compared to a sphere, the v’ phase exhibited a regular square shape.
Conversely, at high temperatures, the mismatch between the y and v’ phases decreased,
and the shape of the v’ phase was predominantly determined by the interfacial energy.
As the interfacial energy of a sphere is lower than that of a square, the v’ phase tended to
adopt a spherical shape.

The generation and distribution of carbides significantly affected the overall perfor-
mance of the K438 alloy during its selective laser melting and post-treatment process.
For this reason, it was crucial to conduct an in-depth study of how carbides were gen-
erated and distributed. The K438 alloy commonly had two types of incipient carbides
that were present at the grain boundaries and within its grains during initial processing
and post-treatment. The presence of such carbides had a dual effect: the pinning effect
of dislocations hindered the movement of dislocations, strengthening the alloy. Addition-
ally, due to the accumulation of carbides in the grain boundary region, the plasticity of
the grain boundaries was reduced, internal stresses within the alloy increased, and grain
boundaries became prone to cracking. After the post-treatment of the alloy, continuous
white carbides were found to aggregate along the grain boundaries. EDS analysis reveals
that the continuous carbides and the fine granular carbides are dispersed in the grains of
HT S1, as shown in Figure 12d—f. Combined with XRD analysis shows the presence of Ta,
Mo, Nb, and Ti elements, which readily combined with C elements to form MC carbides
after post-treatment, as shown in Figure 12c.

Furthermore, the EDS of the diffuse white particles in Figure 12d shows that these
elements, which are prone to MC carbide formation, were mainly distributed in the white
particles, indicating that MC carbides were diffusely distributed in the matrix and could
effectively inhibit cracking, as shown in Figure 12e. In addition, in Figure 12a, many white
particles were uniformly dispersed in the matrix within the red outline. The continuously
distributed coarse carbides at grain boundaries were M»3Cg carbides, which was due to
the decomposition of MC to Mp3Cg after solid solution treatment (MC + v — M»3Cg +Y”)
and the precipitation of secondary M»3C¢ carbides at eutectic fronts or grain boundaries
during long-term aging treatment, as shown in Figure 12f. Previous studies have shown
that carbides are accumulated at grain and subgrain boundaries, which reduces the grain
boundary plasticity and increases the risk of cracks generation.

3.4. Mechanical Properties
3.4.1. Nanoindentation

The load-displacement curves of the K438 alloy with different scanning strategies and
post-treatment conditions are depicted in Figure 13. It can be observed from the graphs that
the plastic phase curves for S1 and S2 had almost equal lengths and slopes at maximum
load, indicating that the parts under these two scanning strategies had similar plastic
behavior. However, the plastic phase curve of HTS1 post-treatment was not much different
from that of S1, indicating that post-treatment had little effect on the plasticity of S1. In
contrast, the plastic stage curve of HTS2 became steeper, indicating that the post-treatment
reduced the plasticity of S2. After post-treatment with different scanning strategies, a
large number of square y phases disappeared, while fine secondary y phases precipitated
and grew uniformly in the matrix, resulting in an increase in the Young’s modulus of the
alloy. Five imprints were taken for each sample, and the data in Table 2 were obtained by
averaging the five values. The Young’s modulus of HT S1 and HT S2 increased by 18 GPa
and 27 GPa, respectively.

The island scanning strategy employed a square scanning area and a 90° rotation for
each layer, which impacted the hardness. However, the laser overlap region experienced
more crack propagation, which made suppression difficult. In contrast, the ‘back-and-forth’
scanning strategy changed the laser scanning direction significantly by 67° after creating a
layer, which limited crack expansion. The morphological and distribution analyses of the
crack revealed its control of the changing direction of neighboring molten pool dendrites.
The Young’s modulus of the alloys increased with different scanning strategies, while
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the hardness significantly decreased after post-treatment. The hardness of HT S2 was
reduced to 8.2 GPa. In the post-treatment process, a significant number of square 'y’ phases
disappeared, while fine secondary v’ phases precipitated and grew uniformly in the matrix.
Accordingly, the strength of the alloys was effectively improved. However, during the heat
treatment of solid materials, particularly high-temperature annealing or aging treatment,
the primary grains continued to grow. This growth resulted in an increase in grain size,
which led to a decrease in the alloy’s hardness, as demonstrated in Figure 11.

Load On Sample(mN)
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Displacement Into Surface(nm)

Figure 13. Load displacement curve under different scanning strategies and post-treatment.

Table 2. Hardness and Young’s modulus of samples under different scanning strategies and post-

treatment.
Sample Hardness (GPa) Young's Modulus (GPa)
S1 9.6 £0.2 179 +£3
S2 87+03 190 +£1
HT S1 91+02 197 £2
HT S2 82+0.1 2172

After post-treatment, the huge square y phase in the alloy disappeared and the fine
secondary y phase precipitated, grew, and was uniformly dispersed in the matrix, as shown
in Figure 12a,b. At the same time, the K438 alloy was mainly affected by precipitation
strengthening. Uniform distribution of fine carbides hinders dislocation motion, which
increases the ability of precipitation strengthening and improves the strength of the SLMed
K438 superalloy. After aging treatment, many uniformly recrystallized grains adhered to
the original grain boundaries and precipitated out. The large amount of M»3Cg carbides
precipitated on the grain boundary increased the sensitivity of the cracks, increased the
initiation of liquefaction cracking along the grain boundary, and reduced the plasticity of
the alloy.
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3.4.2. Tensile Properties
The ‘back-and-forth” scanning strategy with a 67° interlayer rotation angle effectively

suppressed crack initiation and propagation in the SLMed K438 alloy. The strength of the

alloy was effectively maintained, resulting in a higher tensile strength (1309 MPa), as shown

in Figure 14. The irregular arrangement of cellular crystals with different orientations in the

island scanning strategy led to a diversity of crystal growth directions. This variety allowed

the material to undergo plastic deformation in multiple directions during stretching, which

enhanced the material’s ductility [53,54]. Compared to the ‘back-and-forth’ scanning

strategy, the island scanning strategy exhibited a higher ultimate strain (3.24%). This was

because the island scanning strategy involved a 90° rotation direction between adjacent
islands, enabling the internal stresses in the two directions within the alloy to be constrained
by each other in the positive stress stretching state, which enhanced the toughness of the
alloy. Nevertheless, the island scanning strategy led to an increase in cracks at the overlap,
which caused the tensile strength of the alloy (1256 MPa) to decrease, as shown in Figure 14.
In contrast, the tensile strength of HTS1 and HTS2 was higher than that of S1 and S2 because
of the uniform distribution of MC carbides and v’ phases in the matrix after post-treatment.
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Figure 14. Tensile data with different scanning strategies and heat treatment.

During the solid solution treatment stage, the large vy’ phase inside the alloy melted,
resulting in the transformation of several diffusely distributed MC carbides into M3Cg car-
bides. In contrast, during the aging treatment stage, the precipitation of secondary M»3Csg
carbides at the grain boundaries was accompanied by the uniform precipitation of fine
v’ phases throughout the alloy. As these precipitated phases were uniformly distributed,
cracks propagated between different phases, diminishing the stress concentration region
and thus enhancing the ultimate tensile strength of the alloy. Although the precipitated
phase out could hinder the dislocation motion and improve the overall strength of the
alloy, the stress concentration increased the sensitivity of the grain and sub-grain boundary
cracking, produced more strain aging cracks, and reduced the ultimate strain of the alloy.

To carry out a thorough analysis of the tensile properties of the samples in the as-
built state and after post-treatment using different scanning strategies, we examined the
fracture characteristics through micro-fracture morphology, as illustrated in Figure 15.
The fracture surfaces of specimens, whether in the as-built state or after post-treatment,
predominantly displayed quasi-cleavage planes and cleavage ladders. These characteristics
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were significantly correlated with reduced elongation. The fracture process involved two
crucial stages, namely, the formation and extension of cracks [55].

Figure 15. SEM images of tensile fracture morphology. (al,a2) S1 sample, (b1,b2) S2 sample,
(c1,c2) HTS1 sample, (d1,d2) HTS2 sample.

On the fracture surface of S1 shown in Figure 15(a2), there were a few dimples. These
dimples were generated while deforming the specimen and grew rapidly along the tearing
prongs, eventually forming a perforated fracture indicating ductile fracture mode. However,
quasi-cleavage planes and cleavage ladders were observed in the region pointed out by the
arrows. This implies that the fracture surfaces separated along specific crystalline surfaces,
indicating the presence of brittle fracture modes. The ‘back-and-forth” scanning method
resulted in a combination of ductile and brittle fracture modes. The fracture surface of
52 shown in Figure 15(b2) reveals numerous small, irregular cracks expanding along the
grain boundaries in the direction of the main cracks, resulting in herringbone shapes and
cleavage ladders, which is a characteristic of the brittle fracture mode. The brittle fracture
was related not only to the distribution of the second-phase particles but also to the high
internal stress at the laser overlap caused by the island scanning strategy, which promoted
crack extension and the formation of brittle fracture patterns [56]. Despite the presence of
dimples in some areas, brittle fracture dominated, causing the island scanning strategy to
display a mixed fracture pattern.

In summary, there is a significant relationship between the fracture mode and the
scanning strategy. This could be attributed to the high-speed scanning and cooling rate of
the laser, which resulted in the uneven microstructure of the material. Distinct variations in
grain size and grain boundary distribution may have existed in different regions, causing
different ductile and brittle properties in local areas, which, in turn, resulted in a mixed
mode of ductile and brittle fracture. As a result, the SLM process frequently exhibited
mixed fracture modes in selective laser melting [57,58].

In Figure 15(c2), the area of the dimples in the cracks after post-treatment is signifi-
cantly reduced, and the brittle fracture part is increased, indicating that the precipitation of
secondary Mp3Cg carbides at the grain boundary and the stress concentration reduced the
plasticity of the alloy, which is consistent with the previous ultimate strain data. As shown
in Figure 15(d2), due to the existence of a large number of cleavage ladders, there was a
typical transgranular fracture feature, indicating that the plasticity was greatly reduced.
The generation and extension of the cracks were mainly concentrated in the interior of the
grains, which hindered the maintenance of the elongation of the sample.
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4. Conclusions

(1) Under the ‘back-and-forth” scanning strategy, the material achieved the highest den-
sity and hardness of 99.74% and 9.61 GPa, respectively. In contrast, the island scanning
strategy resulted in a density of 99.34% and hardness of 8.70 GPa. The interlayer
rotation of the ‘back-and-forth’ scanning strategy made the molten pool more uniform
and dense, thereby improving the density and hardness.

(2) Liquefaction cracking (LC), solidification cracking (SC), and ductility dip cracking
(DDC) were produced during printing. In the two scanning strategies, the interlayer
rotation angle of 67° and the partition scanning characteristics helped to reduce
the generation of cracks. On the contrary, the longer scanning line length and the
overlapping area of the laser easily caused cracks. The scanning vector directly
affected the crack vector.

(3) The interlayer rotation of the ‘back-and-forth” scanning strategy formed a shorter
dendritic structure. In contrast, the partition characteristics and diversified heat
dissipation directions of the island scanning strategy led to the anisotropy of the
grains, and the plasticity reached the highest at 3.24%.

(4) After post-processing, stress was easily released at the crack tip and produced strain-
age cracking. The MC phase was decomposed into M»3Cy and precipitated at the
grain boundary, which reduced the plasticity of the material. The misorientation of
grain was reduced, and the secondary vy’ phase precipitated and grew to be uniformly
dispersed in the matrix. The highest Young’s modulus (217.44 GPa) and the highest
tensile strength (1421.71 MPa) of the material were achieved.
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Abstract: Cylinder liners, which are an vital part of marine diesel engines, are prone to damage
owing to the pool working conditions of reciprocating friction and electrochemical corrosion. As
a burgeoning manufacturing technology, laser cladding has a prospective application on repairing
and performance enhancement of cylinder liners. The performance of cladding layers on cylinder
liners reported by current studies is not satisfactory. The laser cladding, assisted by the steady
state magnetic field on the cylinder liner, is an effectual method to cover the shortage. However,
there are few studies about that. In this study, single-track Inconel 625 cladding layers were carried
out on a cylinder liner, assisted by a steady-state magnetic field. The effects of the magnetic field
intensity and direction on the geometrical characteristics (width, height, penetration, and dilution
ratio), microstructure, phase composition, microhardness, wear resistance, and corrosion resistance
were investigated. According to the results obtained, adding a magnetic field with a small magnetic
field intensity can significantly enhance the flatness, hardness, friction, wear resistance, and corrosion
resistance of the cladding layer. Applying a magnetic field in the horizontal direction was conducive
to improving the corrosion resistance of the sample. With the application of a vertical magnetic
field, the microhardness increased, and wear resistance, as well as the flatness of the cladding layer,

were improved.

Keywords: cylinder liner; laser cladding; steady-state magnetic field; geometrical characteristics;
mechanical properties

1. Introduction

The cylinder liner is a vital part of the diesel engine, which is an important piece of
power equipment, but its working environment is very harsh [1-3]. The common failure
forms of cylinder liners include wear and corrosion. The wear of the cylinder liner is
caused by a combination of physical, chemical, and mechanical factors, and can be divided
into abrasive wear, corrosion wear, and adhesive corrosion [4,5]. The corrosion forms of
cylinder liners mainly include oxygen absorption corrosion, hydrogen evolution corrosion,
and oxygen concentration corrosion [6-8]. Premature damage and scrapping of cylinder
liners will lead to a waste of resources, so repairing cylinder liners is significant. Common
repairing methods of cylinder liners include welding, plating, thermal spray, laser cladding
technology, etc. However, parts repaired by welding technology are prone to thermal stress
and deformation, with low bonding strength and limited coating thickness [9,10]. For the
plating technology, the pretreatment process of workpiece surface is complex, tedious,
and has a high cost. In addition, insufficient pretreatment or mistakes during operation
may lead to rapid loss of coating and short service life after repairing. Thermal spraying
technology makes the workpiece prone to porosity and oxide inclusion. Sometimes, the
hardness and impact performance are unsatisfactory, which means the coating is easy to
peel off [11]. Compared to the traditional repairing technology, laser cladding technology
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is a cost-effective way to significantly improve the surface properties of materials, such as
wear, corrosion, heat, oxidation, and fatigue resistance. During the laser cladding process,
a laser beam is used to melt a powder material onto a thin layer of the substrate surface.
The melted powder material then quickly solidifies to form a surface cladding layer. This
process results in a layer with a low dilution rate and excellent bonding properties with
the substrate. [12]. Therefore, the use of laser cladding to repair cylinder liner has become
more popular lately. This method has gained attention due to its effectiveness.

The laser cladding processing is highly affected by the technological conditions. The
thermal stress and phase transition stress caused by the large temperature gradient easily
cause cracks. Cracks not only reduce coating’s performance, but also shorten its service
life, which is one of the important reasons hindering the popularization of laser cladding
technology. Additionally, the coating’s surface is uneven and fluctuates after laser cladding,
which needs machining treatment. To solve the problems existing during laser processing,
auxiliary treatment by external fields, such as the thermal, electromagnetic, and vibration
fields, is a promising method [13-15]. The external energy field is combined with a thermal
energy field provided by a laser to realize the regulation of heat transfer or mass transfer
behavior of the molten pool. In particular, laser cladding with steady-state magnetic field
assistance has the advantages of simple equipment, multiple control methods, and good
control effects. The solidification of the molten pool and grain growth can be controlled,
owing to the existence of the electromagnetic braking effect and thermo-magnetofluid effect.
Some scholars have studied the steady-state magnetic field-assisted laser cladding, mainly
focusing on the flow of the molten pool, composition distribution, and microstructure. M.
Bachmann et al. discovered that the steady-state magnetic field can be used to generate
induced a Lorentz force to change the shape of the coating in the laser manufacturing
process [16,17]. O. Velde et al. used numerical simulation methods to study the effects of
static magnetic fields on convection during metal surface growth, and found that static
magnetic fields can control eddy currents and improve crystal quality [18]. C. Lee et al.
used static stabilizing magnetic fields to suppress the flow on the upper surface of the
pool during laser cladding, thus slowing the flow of molten pool, effectively reducing
splashing and improving the surface quality of the cladding layer [19]. Q. Kang et al.
found that magnetic fields have a significant influence on the defects and properties of laser
cladding layers, which could improve element distribution and reduce crack sensitivity [20].
They also found the magnetic field generated a magnetostriction that reduces the elastic
modulus, which can improve the cracking and wear resistance [21]. L. Wang et al. focused
on the influence of a static magnetic field on the molten pool surface and carried out the
cladding experiment, The result pointed out that the resistance generated by a Lorentz
force slowed down the flow velocity of the fluid, thus making the molten pool surface
smoother due to the effect of magnetic field [22]. T. Hu et al. established a two-dimensional
transient cladding model using numerical simulation. It has been found that adding a
stable magnetic field in the molten pool can effectively suppress its internal convection [23].
J. Yao et al. conducted a preliminary study using a numerical simulation method, but
the mechanism of how a steady-state magnetic field suppressed the surface ripple was
not clear. Therefore, they established a two-dimensional transient model of steady-state
magnetic field-assisted laser cladding for simulation. It turned out that the steady-state
magnetic field intensity interacted with the internal temperature field, flow field, and
cladding surface topography and then reduced the dragging force of the WC particles [24].

Therefore, during the laser cladding process, the occurrence of defects such as cracks,
pores, and segregation can be reduced by assisting a steady-state magnetic field, which
changes the convective state and crystallization characteristics of the molten pool, which
promotes the forming quality of the cladding layer. Until now, few studies have been
conducted on the auxiliary effects of stable magnetic fields on the distribution of elements
in Inconel 625 cladding layers on cylinder liners, and a large number of experiments guided
by theoretical models are lacking. In this paper, a steady-state magnetic field was used to
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reduce the cracks, smooth the surface, and improve the quality of the cladding layer to
improve the surface quality of the cylinder liner.

2. Materials and Methods
2.1. Materials and Experimental Set-Up

Inconel 625 powder, which was produced by Hoganas (Ath, Belgium), was selected
as the cladding powder, aiming to strengthen the damaged parts of cylinder liner with its
high temperature corrosion, oxidation, and excellent wear resistance [25]. It has a particle
size range of 45-150 um. Grey cast iron HT300, which is a commonly used material for
the cylinder liners of marine diesel engines, was used for the substrate with a size of
100 mm x 50 mm x 5 mm and surface roughness of 3.6 um. Table 1 displays the chemical
compositions of both the cladding powder and the substrate materials.

Table 1. Chemical composition of Inconel625 and HT300.

Materials Element Content (wt.%)
I 1625 Ni Cr Mo Fe Nb Al C
necone 61.37 2141 8.9 4.04 3.44 0.2 0.061
Fe C Si Mn S P
HT300 93.84 29 18 12 0.12 0.15

As shown in Figure 1, a laser cladding system was used in this study, including a laser
generator (LDF 4000-100, Laserline, Mulheim-Karlich, Germany), a coaxial laser cladding
head (YC52, Precitec, Rotenfels, Germany), a six-axis industrial robot (ZH 30/6011I, Kuka,
Augsburg, Germany), and a gas coaxial powder feeder (RC-PGF-D, Raycham, Anshan,
China), as well as a water cooler, air compressor, and other auxiliary equipment.

I

! \ )

Laser cladding head
hold by Kuka robot
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Water-cooling machine

Laser beam

Substrate

Laser generater

Fixed table

Figure 1. Schematic diagram of laser cladding system.
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2.2. Design of Steady-State Magnetic Field and Parameters

The steady-state magnetic field of this experiment was provided by an NdFeb per-
manent magnet with a size of 100 mm x 100 mm x 50 mm. Magnetic field intensity and
direction were used as experimental factors. The magnetic field intensity was adjusted
by changing the distance between the magnets. As displayed in Figure 2, the magnetic
field directions, including the horizontal left (L), horizontal right (R), vertical upward (U),
and vertical down (D), were determined by the relative location between the magnets and
molten pool. The laser cladding parameters, which can create the laser cladding layer
with a uniform surface morphology and strong matrix bonding, were determined after
long-term research and experimental comparison. The specific experimental parameters
are shown in Table 2. In the laser cladding process, 99.99% pure Argon gas was used as
both the carrier and shielding gas with flow rates of 400 L/h and 600 L/h, respectively.
Under the conditions of different magnetic field intensity and direction, the single-track
layers were deposited by laser cladding with the mentioned process parameters.

Neodymium magnet

Cladding laye ‘

==

(a) Horizontal left magnetic field (b) Horizontal right magnetic field
A

Magnetic induction lines

Basal lamina

| A
Al Al
1 1

A A
AiAia

(¢) Vertical upward magnetic field (d) Vertical downward magnetic field

Figure 2. Schematic diagram of magnetic field direction.

Table 2. Experimental parameters.

Laser Power Scan Speed Powder Feed Rate  Magnetic Field Intensity . .
W) (mm/s) (g/s) (mT) Field Direction
F1 0
F2 50
ks 100 L
F 150
F5 1200 5 20 200
Fe 150 R
k7 150 U
8 150 D
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2.3. Characterization Technigues

The test specimens were obtained by wire spark erosion, and then mechanically
ground and polished. The surfaces were then etched in the saturated oxalic acid solution
at 5 V DC. The geometric characteristics of the cladding layer (width, depth, height,
and dilution) were obtained. The microstructure of the samples were observed using a
metallographic microscope (Leica-DMIi8, Leica, Wetzlar, Germany). The dilution adopted
in this paper was calculated as the ratio of height to depth of cladding layer. The phase
composition of cladding layer was analyzed by Empyrean X-ray diffractometer (Empyrean,
Panaco, Malvern, The Netherlands), in which the voltage was 40 kV, the current was 40 mA,
the Cu target was used as a cathode in the X-ray diffractometer, and the diffraction angle
was 20°-100°. The Vickers microhardness tester (HV-1000, Fangyuan, Jinan, China) was
used for measuring the microhardness along the depth direction at the top, middle, and
bottom region of the cladding layer, as well as the substrate. As shown in Figure 3, the
interval between the measured points of microhardness was 0.1 mm, the load was 1 kg,
and the loading time was 15 s. The friction wear testing machine (CETR-UMT, Bruker,
Billerica, America) was used to conduct friction wear tests on the substrate and cladding
samples, respectively. A tungsten steel ball was used for wear test, the loading force was
50 N, the sliding distance was 15 mm, and the sliding frequency was 1 Hz. Single samples
were rubbed at 23 °C for 20 min. The samples were weighed and recorded before and after
wear tests using electronic balance (FA1004N, Qinghai, Shanghai, China) to calculate the
abrasion loss. A three-electrode electrochemical corrosion system (CHR6601, Huachen,
Shanghai, China) was used for electrochemical corrosion test where the solvent was NaCl
solution with a mass fraction of 3.5%. The measurement range was —0.9 V~0.2 V. The
sampling rate was 0.01 V/s. Corrosion and abrasion tests were performed multiple times
to ensure the credibility of the test results.

Top

Middle

Figure 3. Schematic diagram of the Vickers hardness test.

3. Results and Discussion
3.1. Geometrical Characteristics

As displayed in Figure 4 and Table 3, from the perspective of the macro profile, the
molten pool without the addition of a steady-state magnetic field presented a plump oval
shape, and the molten pool contained many round pores. The macromorphology of the
molten pool changed obviously when a higher intensity steady-state magnetic field was
applied. Put another way, the overall macro profile of the cladding layer will be gradually
flattened when a higher steady-state magnetic field is applied. This is the result of the
interactions between hydrodynamics and electrodynamics. Figure 5 shows the mechanism
of the inhibiting effect for the convection of the molten pool during the laser cladding

168



Coatings 2024, 14, 438

assisted by the steady-state magnetic field process, where the circle line represents the
convection of molten pool, which is determined by the temperature field and v is the flow
velocity of the molten pool.

Figure 4. The morphology of the cladding layer under magnetic field intensity of (F1) 0 mT, (F2) 50 mT,
(F3) 100 mT, (F4) 150 mT, and (F5) 200 mT.

Table 3. The cross-sectional size and dilution rate data of single-channel cladding layer under various
applied steady-state magnetic field strengths.

No. Melting Width/um Meltl/r:gnnght Melting Depth/um Dllutl(:/:l Ratio
F1 2595.80 704.72 511.83 42.07%
F2 2637.81 652.21 391.44 37.51%
F3 2666.55 602.39 228.23 27.48%
F4 2745.41 586.41 221.3 27.40%
F5 2855.73 537.32 197.97 26.92%

When the molten metal moves in the molten pool along the vertical direction of the
magnetic field, an induced current will be generated. Such a moving material with an
electric charge will experience the opposite Lorentz force (Fyj) in a magnetic field. Therefore,
when there is a magnetic field perpendicular to the laser cladding direction, a Lorentz
force component, which is offset with the original molten pool motion direction, will
appear, which results in a reduction in the convection velocity and the generation of the
electromagnetic braking effect [26—29]. Under the condition of the steady-state magnetic
field, the induced current (Jw) can be expressed as ov x B, where v is the velocity of fluid
and o is the conductivity of the solution. The expression of the induced Lorenn magnetic
force is J,, X B, where the induced electromagnetic force is proportional to the square of the
intensity of the magnetic induction, and it can be judged that the direction of the induced
electromagnetic force is in the opposite direction to the flow direction of the melt, which
has the effect of inhibiting the convection of the molten pool.
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Figure 5. Schematic diagram of the mechanism of magnetic field inhibiting convection: (a) B LV,
(b) 0 <90°, (¢) B LV, (d) 0 > 90°.

Due to the weakened convection, the high-temperature melt in the upper part of the
molten pool cannot flow down to the bottom, which makes a large amount of the high-
temperature melt stay in the top part of the molten pool and, as a result, less substrate was
melted. Carbon in the substrate reacted with oxygen at high temperatures to produce pores.
A lack of magnetic field assistance led to more substrate, which was melted with the high
content of carbon elements, and it easily reacts to produce pores under high temperature
conditions. So, the accumulated high-temperature melt in the top part of the molten pool
transfers heat to the horizontal direction, which contributes to the increase in the width
and reduction in pore defects.

Figure 6 and Table 4 present the morphology and size data of molten pool under
different magnetic field directions. It is visible in Figure 6 that, when the horizontal
magnetic field was applied, the height and width were higher, but the depth and dilution
rate of the molten pool were lower. However, the external stable magnetic field has a limited
effect on the width, which mainly depends on the laser cladding process parameters.

The convective movement in the laser molten pool is the fundamental cause of the
concave-convex corrugating on the cladding layer’s surface. The steady-state magnetic
field can reduce the velocity of the molten pool surface in the normal direction, thus reduc-
ing the elevation of the coating and smoothing the coating’s surface. With an increase in
magnetic induction, the surface smoothness is further improved. Therefore, the electromag-
netic braking effect of the steady-state magnetic field is a favorable factor for decreasing
the surface fluctuation.
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Figure 6. The morphology a of molten pool under magnetic field direction of (F4) left, (F6) right, (F7)

upward, and (F8) downward.

Table 4. The data on the cross-sectional size and dilution rate for a single cladding layer has been
obtained under magnetic fields in all directions.

No. Melting Width/um Meltl/rﬁn Hight Melting Depth/pum Dllutl(:/n Ratio
F4 2745.41 586.41 221.3 27.40%
F7 2785.04 610.91 229.65 28.35%
F6 2686.1 612.99 242.55 29.99%
F8 2688.98 464.23 320.21 40.82%

3.2. Microstructure

Figure 7 displays the cross-sectional structure of the Inconel 625 cladding layer with
different magnetic field intensities. It is visible in Figure 7 that the dendrite growth
followed the typical solidification microstructure characteristics of laser cladding; that
is, the microstructure mainly changed from planar crystals near the bottom to a cellular
and columnar dendritic near the middle, and then to epitaxial crystals near the top along
the direction of the cladding height, regardless of whether a steady-state magnetic field
was applied. F1 shows the cladding layer without a steady-state magnetic field. The
microstructure presented relatively small columnar crystals in the bottom and middle
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regions of F1, whose crystal growth direction was mainly towards the maximum heat
dissipation direction. Since the isotherm was perpendicular to the heat dissipation direction,
the dendrite growth direction was perpendicular to the isotherm of this layer. F2 and F3
shows the microstructure of the cladding layers under the steady-state magnetic fields
with magnetic field intensities of 50 mT and 100 mT. The columnar dendrites near the
bottom were slightly thicker than those without an applied magnetic field. The convection
at the bottom interfered with the external transverse steady magnetic field, and changed
the heat flow direction of the cladding layer slightly at a small magnetic field intensity.
The growth direction of the dendrite was about 70°-80° in the horizontal direction. F4
presents the microstructure of the cladding layer when a 150 mT steady-state magnetic
field is added. It can be found that a larger range of strong columnar dendrites with more
orientation appeared near the bottom. These dendritic stems were arranged neatly, and the
growth direction was about 60°—45° from the horizontal direction. With an increase in the
steady-state magnetic field intensity, the electromagnetic braking effect was increasingly
stronger, which reduced the velocity of convection. In this case, the primary dendrites
grew along the direction of heat flow, but the secondary dendrites were inhibited to a
greater extent. In the middle region, there were a large number of dendrites, and many fine
equiaxed crystal structures were surrounded between and above each dendrite. F5 is the
microstructure with a stable magnetic field intensity increased by 200 mT. Many columnar
dendritic crystals with neatly arranged trunks can be found at the bottom and middle. The
angle between the growth direction and the horizontal line was reduced to about 45°.

Additionally, compared to the cladding structure without a magnetic field, the den-
drites with different directions changed to dense equiatomic structures in the middle and
top with an increase in the constant magnetic field intensity. When a low-intensity magnetic
field was applied to the solidification of the liquid metal, the temperature gradient at the
solidification front decreased with an increased magnetic Taylor number. Simultaneously,
the enhancement of the magnetic field intensity increased the induced current in the molten
pool, and generated a larger magnetic Taylor number and a smaller temperature gradient,
which were conducive to the formation of equiaxed crystals [30]. Therefore, the auxiliary
of a stable magnetic field applied during the laser cladding process can reduce the internal
energy exchange, the temperature difference of the interface front, and the concentration
of the crystallization area of the supercooling degree, and improve the stability of the
crystallization front, to promote the creation of numerous equiaxed crystals.

On the other side, under the condition of the steady-state magnetic field, the liquid
metal generated a relative flow in the crystallization front, and scoured or fused the
formed grains. These broken grain fragments were brought into the molten pool by
the convection, and became new nucleation particles, forming a finer crystal structure,
promoting the formation of equiaxed crystals, and were conducive to refining the cladding
layer structure. Therefore, with an increase in magnetic field intensity, a larger range,
denser, and smaller equiaxed crystals ensured excellent performance of the entire cladding
layer. Simultaneously, when the constant magnetic field intensity increased, dendrites
in different directions were transformed into dense equiatomic crystal structures in the
middle and top of the cladding layer. Dendrites also appeared over a wider area, and they
were more robust and organized than before.
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Figure 7. The microstructure of the molten pool under different magnetic field intensities.

Figure 8 shows the direction of the dendritic growth when different magnetic field
intensities are used. As observed in Figure 8, a stable magnetic field led to dendrite
coarsening, and its growth direction extended towards the direction of maximum heat
dissipation. Since the magnetization of the Inconel 625 nickel-iron alloy in a molten
state caused changes in magnetization energy, the crystal contained iron, which is easy to
magnetize, and the crystal had the magnetic anisotropy. When the paramagnetic substance
was magnetized, the magnetic moment of the molecule was parallel to the applied magnetic
field direction, so the magnetized axis was biased to the magnetic field direction. The
magnetization Xy, of Inconel 625 is 50-100, and its magnetic anisotropy is significant when
placed in a magnetic field, so that the axis of magnetic anisotropy is deflected towards
the magnetic field direction and tends to be parallel to the magnetic field direction. In
the cladding layer, the growth direction of dendritic crystals will change when the steady
magnetic field is not applied; that is, when the steady magnetic field is applied horizontally
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to the left, the dendrites on the right side of the molten pool will be deflected horizontally,
and the angle formed between the growth direction and the horizontal direction decreases,
leading to a change in the growth mode of dendritic crystals. The influence of a steady
magnetic field on dendrite deflection is limited in a complex, convective environment.
However, these two factors work together to cause some dendrites to grow along the stable
magnetic field direction, and the dendrites show a tendency to grow in that direction. This
may be due to the maximum heat dissipation direction of the liquid flow and the horizontal
magnetic field. Figure 9 shows the direction of dendritic growth with different directions
of magnetic fields with an intensity of 150 mT. It can be seen from Figure 9 that changing
the direction of the magnetic field had similar effects on the top and middle regions of
the cladding layer. The auxiliary of a steady-state magnetic field made dendritic and
cellular crystals stronger and extend towards the direction of maximum heat dissipation.
Similarly, compared to the horizontal magnetic field, the vertical magnetic field caused
the dendrites to grow at a smaller angle in the vertical direction without any external
factors after magnetization; that is, they deflected and tended to grow steadily along the
vertical direction.

E “ l‘lll
RT3 o N

G L BT &
% Grain growth direction

Figure 8. The direction of dendritic growth under magnetic fields with intensities of (a) 50 mT,
(b) 100 mT, (c) 150 mT, (d) 200 mT.
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Figure 9. The direction of dendritic growth with the (a) L, (b) R, (¢) U, (d) D directions of the magnetic
fields with an intensity of 150 mT.

3.3. XRD Pattern Analysis

As displayed in Figure 10, the cladding layer phase was composed of the matrix phase
of v-Ni, the Laves phase of Ni2Nb, and the strengthened phase of Ni3Nb, which were all
included in the atlas of each experimental group. It is indicated that the composition of
the cladding layer phase was not changed. As the steady-state magnetic field intensity
increased, the content of y-Ni increased, and the strengthening phase of Ni3Nb was
enhanced. However, the Laves phase of Ni2Nb decreased. This effect caused the molten
pool to flatten, and increased the surface heat dissipation area, leading to an increase in the
cooling rate of the molten pool surface. Therefore, a decrease in the Laves phase is directly
related to an increase in the cooling rate. Figure 10b displays that the change in magnetic
field direction not only does not change the phase composition, but also has the same level
of influence on the phase content. It can be analyzed from Figure 10b that the steady-state
magnetic field added in the horizontal direction had a higher diffraction peak than that
of the matrix phase and the strengthened phase added in the vertical direction, while the
diffraction peak of the Laves phase was lower. When the steady magnetic field with D
direction was applied, the cross-section width of the cladding layer was slightly wider than
that of the upward magnetic field, and the height and depth of the molten pool were lower,
resulting in better surface heat dissipation performance, and a lower content of the Laves
phase between dendrites in the molten pool.
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Figure 10. X-ray diffraction spectra of the cladding layers with different: (a) intensities and (b) mag-

netic field directions.

Table 5 shows the XRD data of the matrix phase y-Ni on the (111), (200), and (220)
crystal planes. The diffraction peak data presented show that the diffraction peaks of
the y-Ni matrix phase on the two crystal planes (111) and (200) all shifted to low angles,
indicating that the lattice constant of the y-Ni matrix phase solid solution changed with
an increase in magnetic induction intensity. The matrix phase y-Ni solid solution lattice

constant « is expressed as:
AWH? + K2 + 12 )
25in0

Table 5. XRD data of matrix phases gamma-Ni on the (111), (200), and (220) crystal planes.

Crystal Face Index Diffraction Angle Lattice Constant Half-Height Width
H K, L (26/°) (c0) (B)
F1 43.772 3.5778 0.3606
F3 (111) 43.732 3.5810 0.3985
F5 43.693 3.5840 0.4479
F1 50.823 3.5888 0.4324
F3 (200) 50.823 3.5888 0.6087
F5 50.784 3.5913 0.6117
F1 74.852 3.5836 0.6072
F3 (220) 74.852 3.5836 0.6687
F5 74.930 3.5804 0.6399

The lattice constant, half-width, and height of the matrix phase y-Ni solid solution
increased with an increase in magnetic induction intensity. This indicated that the steady-
state magnetic field can not only enhance the solid solubility of the matrix phase y-Ni, but
also refine the grain. In liquid metals, atoms lose their valence electrons to form ions, which
move randomly. When a magnetic field is applied, the liquid cuts the magnetic field lines
and creates a Lorentz force, causing the ions to rotate around them. Due to the differences
in the mass and charge of Ni, Fe, Nb, and Cr, their plasma behaves differently in the
molten pool, and various solute particles have a relative motion to the matrix phase under
the condition of the magnetic field. This motion enhances the diffusion motion of solute
particles in the matrix phase, and eventually leads to an increase in the solute elements
in the matrix phase -Ni solid solution. The content increase in the y-Ni solid solution can
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stabilize the crystal structure. The enhancement effect increases with the strength of the

constant magnetic field.

As shown at the bottom of F1 in Figure 7, a reference line with a radius of 50 pym was
drawn on the images to obtain the grain size by determining the number of grains crossing

the reference line. The results of the grain sizes are shown in Table 6.

Table 6. Grain size (um).

F1 F3 F5
Bottom 3.96 3.58 3.29
Middle 3.46 2.38 2.26
Top 2.24 2.23 211
Average 3.22 2.73 2.55

As shown in Tables 3 and 6, after applying a steady-state magnetic field, the grain
structure of the entire coating became more refined. This suggests that the thermoelectric
magnetofluid effect was the primary factor influencing the solidification process. In the
solidification process, the first precipitated solid phase and melt exist at the same time to
form a paste zone. The different temperatures between solid phase and liquid phase in
the pasting zone will produce a temperature gradient (AT) in these two phases, so that
the solid /liquid phase has different thermoelectric potential. Generally, the solid /liquid
phase is regarded as a closed loop, which generates the thermoelectric potential difference
AV = (1 +ng) x AT, generating thermal current J7g, and the expression is [31-33]

Jre = sooedl (S5 —S1)T 0]
where Sg, Sy are the electrical conductivity; Sg, Sy are the thermoelectric potential ratio;
and fg, f; are the volume fractions. The thermoelectric force can be expressed by the
following formula [31-33]:

Fre = oSttt (S5 — 51)AT x B 3)

In the formula, Frr is the thermoelectric force generated by the steady-state magnetic
field; B is magnetic induction intensity.

The steady-state magnetic field can produce opposing effects on the solution pool
through the electromagnetic braking effect and thermoelectric magnetofluid effect, which
promote grain magnetization and dendrite structure fusion. The electromagnetic braking
effect can weaken the flow velocity of the fluid, inhibit the formation of equiaxed crystals,
and promote the growth of columnar crystals. The thermoelectric magnetic force acting
on dendrites by the thermoelectric magnetofluid effect can refine grains [34]. Based on the
changes in the macroscopic morphology and microstructure of the coating in this section, it
has been observed that a steady-state magnetic field can have an electromagnetic braking
effect on the molten pool, which can result in a smoother surface. However, the steady-state
magnetic field can also refine the grain structure, which indicates that the steady-state
magnetic field also has a thermo-magnetic fluid effect on the molten pool.

3.4. Microhardness

The hardness of a material is an important mechanical property index, which shows
the ability of the surface to resist deformation. It is visible in Figure 11 that the hardness
of the cladding layer after cladding with the Inconel 625 alloy was above 360 HV, which
was much higher than the measured value of 246.3 HV of the matrix gray cast iron. There
was a small difference in the hardness between the middle region and the bottom region,
but the bottom hardness was slightly lower than that of the middle region, because the
middle part of the cladding layer contained significantly more cellular crystal structures,
while the bottom was mostly occupied by the dendritic crystal, whose hardness was lower
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than the cellular crystal. The hardness of the top was slightly higher than that of the
rest region, mainly because of the small G/R at the top of the cladding layer, the large
undercooling degree, and the equiaxed crystal structure with a smaller grain size. In
addition, with increasing magnetic induction intensity, the microhardness distribution
value of the cladding layer showed a gradual increase. This indicates that the strength
of the magnetic field has a significant impact on the microhardness of the cladding layer,
and the thermoelectric magnetofluid effect played a significant role. The existence of the
temperature gradient and the potential difference between the solid and liquid phase
formed a closed loop circuit that resulted in the creation of induced current on the newly
crystallized dendrites. The current generates a Lorentz force under the condition of the
magnetic field, and the Lorentz force acts on the dendrites. Combined with the mechanical
scour effect of the Marangoni flow on the dendrites, the crystallized dendrites are broken
to form a new nucleation, thus improving the nucleation rate and refining the grains that
contribute to the increase in microhardness. As can be seen from Figure 11, the top hardness
of the cladding layer under any magnetic field direction was slightly higher than that of
the middle and bottom of the cladding layer. From the perspective of different magnetic
field directions, the hardness of each region of the cladding layer was the highest when
the vertical downward steady magnetic field was added, followed by the vertical upward
magnetic field direction, while the hardness difference was small when the horizontal
magnetic field was added. The grain size of the magnetic field in the vertical direction was
smaller than that of the magnetic field added in the horizontal direction, so the experimental
results were consistent with the law of the calculated data.

420

2 4004

Hardness (HV)

380 o

360

(b) (c)
440 440
== 420 420
s s
£ £
- -
2 400 2 400
k=1 i=}
= =
5] s
ot T
380 4 ﬁ ﬁ 380 4
T T T T T T T T 360 @ T T T T T T T 360 =
F1 F2 F3 F4 FS F6 F7 F8 F1 F2 F3 F4 F5 F6 F7 F8 F1
Top Middle

Bottom

Figure 11. The microhardness of the cladding layers: (a) top; (b) middle; (c) bottom.

It is visible in Figure 11 that the hardness of the cladding layer top part under any
magnetic field direction was slightly higher than the middle and bottom. From the perspec-
tive of different magnetic field directions, the hardness of each region of the cladding layer
was the highest when the vertical downward steady magnetic field was added, followed
by the vertical upward magnetic field direction, while the hardness difference was small
when the horizontal magnetic field was applied. The vertical direction resulted in a smaller
grain size for the magnetic field compared to the horizontal direction, so the experimental
results were consistent with the law of the calculated data.

3.5. Wear Resistance

To obtain better wear performance for marine diesel engine cylinder liners, and to
study the influence law of a magnetic field on the friction coefficient and wear weight
loss of the cladding layer, the magnetic field intensity and magnetic field direction were
changed in this section, and the average data were obtained from three wear tests for each
sample, respectively.

It is visible in Figure 12 and Table 7 that the wear loss of substrate was the highest.
With an increase in magnetic field intensity, the wear loss of the cladding layer decreased to
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different degrees. At a magnetic field strength of 200 mT, the cladding layer exhibited the
best wear resistance, with a wear mass of approximately 14.4 mg and an average friction
coefficient of 0.5902. Compared to the other magnetic field direction, the abrasion loss of
the cladding layer fabricated with the R direction presented highest value of 32.4 mg, and
the average friction coefficient was 0.72. When the D direction was applied, the abrasion
loss was about 16.9 mg, and the average friction coefficient was 0.59, which means the
cladding layer presented the optimal wear resistance.
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Figure 12. The wear amount and friction coefficient of the cladding layer.

Table 7. The abrasion loss and friction coefficient of the cladding layer.

Sample Abrasion Loss/mg Coefficient of Friction
Substrate 60.9 0.704
F1 324 0.637
F2 31.5 0.631
F3 24.5 0.613
F4 22.7 0.604
F5 14.4 0.590
Fé6 324 0.633
F7 20.8 0.608
F8 16.9 0.599

The higher the hardness result, the lower the friction coefficient and the abrasion loss,
which means the better the friction performance. This is due to the presence of a hardness
difference between the friction pairs, which leads to plastic deformation of the softer
material, with more material being adhered and torn in a relative motion, producing more
abrasion loss and leading to an increase in the friction coefficient. Reducing this hardness
difference by increase the hardness of softer material reduces the friction coefficient and
the abrasion loss, resulting in a better friction performance.

Figure 13 displays the morphology of the coatings. It is visible that when no magnetic
field was applied, there were mainly two types of wear on the surface of the substrate:
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abrasive and fatigue wear. The surface of the cladding layer presented an uneven state,
and there were a lot of pear grooves, stratified zones, and particulate matter. In addition,
under the action of the high uplift caused by the plastic deformation, obviously worn edges
can be produced. At the same time, some shallow ploughing and different degrees of
spalling, accompanied by severe material transfers and slight cutting, were presented. As
shown in F1-F8 of Figure 13, the decrease in the depth of the scratches and the distance
between the scratches indicated the positive influence of the magnetic field on the wear
resistance of cladding layer. Only a small amount of material fell off the surface, with
minimal deformation and scratch depth, at a magnetic field intensity of 200 mT. This is due
to the density of equiaxed crystals in the cladding layer, which increased with the magnetic
field intensity and resulted in the presence of equiaxed crystal structures, significantly
enhancing the overall microhardness of the coating after the magnetic field was applied.
In addition, the magnetic field can partially prevent convection during the laser cladding
process, and results in a more even distribution of carbide particles. This not only effectively
prevented crack propagation, but also enhanced the bonding strength between the carbide
particles and the equiaxed matrix. Consequently, the wear resistance of the cladding layer
was significantly improved.

Figure 13. The surface of cladding layer after the wear test.

From the perspective of the magnetic field direction, as shown in F4 and F6-F8
of Figure 13, debris peeling occurred in the samples applied in the U direction, while
surface peeling and the furrow phenomenon were relatively alleviated in the samples
applied in the D direction, accompanied by some fine and uniform scratches. However,
the samples applied in the L and R directions presented ploughing surfaces. Because the
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wear performance was related to the hardness of the cladding layer, the hardness was the
highest when the downward vertical magnetic field was applied, which showed that the
sample had better friction and wear performance.

3.6. Corrosion Resistance Test

The open circuit potential (OCP) of Inconel 625 alloy was measured by applying the
steady-state magnetic fields with different directions and intensities. As shown in Figure 14a,
the average OCP value of the Inconel 625 cladding layer without a steady-state magnetic
field was —0.475 V. When the magnetic field is added, the OCP value fluctuates greatly, and
finally stabilizes between —2.5 V and —0.48 V. Compared to no steady-state magnetic field,
the potential changed slightly. The higher OCP value indicated a lower corrosion tendency,
and vice versa. However, there was no specific rule between the change in potential and
magnetic field intensity. It is noteworthy that the OCP value of each cladding layer was higher
than that of matrix HT 300 with or without a steady-state magnetic field, which can play a
good cathodic protection role and show a small corrosion tendency.

(a) (b)
0.1
03 F — F1 F2— F3— F4
o2k = Fl=F2= F3=F4 F5— F6— F7— F8— Substrate
: F5— F6-— F7-— F8— Substrate

> 00 -
<
E -o3f K\/\,\ > '
g ) S -03f —
3 k = 0
£ o4 £
= L
B Q
8 2 o6k
g .
g oSt
o) —09

06 F  ——

—12fF
1 1 1 1 1 1
oL . . . . . .
0 100 200 300 400 500 600 -8 =7 -6 -3 —4 -3 -2

Time /s log(i/ A-cm™)

Figure 14. (a) Cladding surface open circuit data diagram, (b) Tafel polarization curve of the
cladding layer.

Figure 14b shows the Tafel test curves of the substrate and cladding layers. No obvious
passivation occurred within the set VOCP £ 1V test range. Meanwhile, the shape and
position of all curves were similar and the anode rate slowed down gradually, showing
a symmetric relationship independent of self-corrosion potential. As shown in Figure 14,
both anode and cathode curves exhibited the characteristics of active dissolution. The
shape and position of all curves were similar, and the corrosion rate slowed down as the
voltage changed and gradually decreased in the anode region.

It can be seen from Table 8 that the substrate presented the smallest Ecorr, with a
value of —0.76326 V, and the biggest Icorr, with a value of 0.0186231 A /cm?, compared to
the cladding layer. That is, the laser cladding layer can enhance the surface to suppress
the corrosion. In addition, with the increase in the magnetic field intensity, the Ecorr
increased and the Icorr decreased. For instance, the Ecorr was —0.55655 V, accompanied
by the Icorr of 0.014997 uA /cm? when the intensity was 0 mT, and the Ecorr increased to
—0.30288 V, accompanied by the decreased Icorr with a value of 0.00035922 wA /cm? when
the intensity of 200 mT was used. This means that an increase in the intensity contributes
to an improvement in the corrosion resistance of the cladding layers. Cr, Nb, and other
elements are beneficial to increase the corrosion performance, but the precipitation of the
Laves phase will injure these strengthening elements, which results in a reduction in the
synthesized y-Ni matrix phase, and thus a decrease in the overall corrosion resistance
of the cladding layer. However, the increase in the magnetic field intensity increased
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the matrix phase content which, in turn, decreased the harmful Laves phase. Thus, an
increase in the magnetic field intensity can improve the corrosion resistance of the cladding
layer. Through comparing to the Ecorr and Icorr of the cladding layers created by different
magnetic field directions, the cladding layer assisted by the horizontal magnetic field
presented the maximum average value of Ecorr (—0.35354 V) and minimum average value
of Icorr (0.00529505 pA /cm?).

Table 8. The self-corrosion potential (Ecorr) and current density (Icorr) of the cladding layer obtained
after the Tafel test.

Ecorr (V) Icorr (uA/cm?)

Substrate —0.76326 0.0186231

F1 —0.55655 0.014997

F2 —0.48133 0.012695

F3 —0.44469 0.010409

F4 —0.33571 0.0068632

F5 —0.30288 0.00035922

F6 —0.37137 0.0037269

F7 —0.41374 0.0095103

F8 —0.42675 0.0093793

4. Conclusions

1. A higher steady-state magnetic field intensity resulted in a slightly wider melting
width of the molten pool, but reduced the melting height, depth, and dilution rate. A
horizontal magnetic field flattened the molten pool more than a vertical one. Stronger
magnetic fields caused the dendritic structure to change into an equiaxed crystal structure
with more extensive and stronger columnar dendritic structures at the bottom of the clad
layer, biased towards the magnetic field direction.

2. The magnetic field stabilized the crystal structure and refined the grain by increasing
the content of the matrix phase and decreasing the content of Laves phase.

3. The cladding layer’s microhardness was higher than that of the matrix. A vertical
downward steady magnetic field increased the microhardness and wear resistance. The
highest hardness, lowest wear amount, and best wear performance were observed with the
vertical downward magnetic field.

4. The higher the magnetic field intensity, the better the corrosion resistance of the
cladding layer. The corrosion resistance is lower in the vertical direction than in the
horizontal direction. Increasing the magnetic field intensity increases the matrix phase
content and reduces the harmful Laves phase, leading to improved corrosion resistance of
the cladding layer.
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Abstract: In this study, the influence of the frictional heat effect on the degree of wear is explored from
the perspectives of initial contact positive pressure and frictional relative slip velocity. Experiments
based on a multifunctional friction and wear machine show that the friction temperature increases
with an increase in friction relative velocity and initial normal contact load, which exacerbates the
frictional thermal expansion and normal load fluctuation, and with the generation of frictional
heat, the normal force fluctuates periodically; the wear mass and temperature in the contact area
iterate cyclically, which results in the wear mass increasing. 316L stainless steel, 5A06 aluminium
alloy and pure titanium are used in the Archard wear model due to their applications in severe
wear environments. Since 316L stainless steel, 5A06 aluminium alloy and pure titanium are mostly
used in wear-intensive environments, the Archard wear model is optimised based on the frictional
heat effect of these three materials, and the accuracy of the improved model in 316L stainless steel,
5A06 aluminium alloy and pure titanium is improved by 52.6%, 7.4% and 23.9%, respectively, when
compared with the conventional model. This study lays a theoretical foundation for the wear
prediction models of 316L stainless steel, 5A06 aluminium alloy and pure titanium.

Keywords: Archard; friction thermal expansion; wear; contact pressure

1. Introduction

Nowadays, frictional wear can bring severe consequences to fields such as aviation and
healthcare, etc. [1-3], because it can reduce the precision and working life of components,
so predicting the wear degree of components is essential. In the mid-1950s, J.F. Archard [4]
found that the wear rate is positively correlated with the load in experiments of frictional
wear and expounded the relationship of wear mass with material hardness, load, and slip

distance as: K
V= (H) Ps 1)

where V denotes the wear mass; K and H represent the wear coefficient and the hardness of
materials, respectively; P and s represent the load and the relative slip distance, respectively.
Currently, there exist commonly used wear equations in the field of tribology, including
the Cattaneo-Mindlin model, the Lim—Ashby model, the Rabinowicz wear model and the
Archard wear equation. The Cattaneo-Mindlin model [5] is used to describe the contact
problem on solid surfaces, especially when elastic deformation and sliding between the con-
tacting surfaces are taken into account. Sliding between the contact surfaces has important
applications. Since the Cattaneo-Mindlin model takes into account small sliding effects,
the computational process is relatively complex and requires high computational costs, so
a large amount of experimental data or validation is required to determine the parameters
in the model, which limits the scope of application for the model. The Lim—Ashby model
is an empirical model for describing the wear behaviour of a material, which is based on
the material properties’ parameters such as the material hardness and elastic modulus to
predict the wear behaviour of a material. The material property parameters are used to
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predict the wear rate of the material, whereas the Lim—Ashby model [6] considers only
some of the material property parameters and may have limitations for complex wear
mechanisms and specific working conditions. Rabinowicz’s wear model [7] is an empirical
model used to describe friction and wear phenomena. The model is based on parameters,
such as contact pressure, sliding velocity and material hardness of the friction surfaces, and
is used to predict the wear rate and life, whereas the model is based on some simplifying
assumptions, such as uniform contact pressure distribution, which may lead to deviations
from the actual situation. So, many workers in the field of tribology predict the working life
of components using the Archard wear equation. For example, Guangwei Yu [8] predicted
the service life of deep groove ball bearings based on Archard wear theory.

However, some workers in this field pointed out that the factors in the wear equation
proposed by J.E. Archard are comprehensive enough. Arvin Taghizadeh Tabrizi et al. [9]
indicated that the effect of surface modification was not considered in this equation. Accord-
ing to their studies, the hardness of materials is a fixed value, only involving the hardness
of soft surfaces but not that of hard ones. In addition, the authors, who conducted the pin-
on-disc wear test after performing the surface modification of titanium by plasma chemical
vapor deposition, pointed out that the wear mass is also related to roughness, hardness
of soft and hard surfaces, surface roughness and irregular slope. Yanfei Liu et al. [10] put
forward that the surface could be damaged during the micromotion of two objects, thus
resulting in a tribologically transformed structure (TTS) on their surfaces. The authors
adopted alumina balls for the micro-motion experiment on 316L stainless steel, pure cop-
per and TigAl4V, based on which, they indicated that the dynamic change in the TTS
layer was not considered in the Archard equation and proposed an optimized Archard
model consequently.

Tobias Dyck et al. [11] described the available wear mass of hemispheres and U shapes
numerically and established a wear model based on the horizontal distribution of Archard
work intensity. As indicated, the surface hardness depended on base materials, as well
as bottom and surface courses. Moreover, they discussed the optimization of the Archard
equation using theoretical and experimental methods. Generally, scholars optimized the
wear equation from the perspective of material hardness, which, in their opinion, could
not be constant throughout the process of frictional wear. However, in these studies, they
failed to consider the influence of frictional thermal expansion, namely the local expansion
of contact materials caused by frictional heat on external load and wear mass.

Wear arises from complex chemical and physical processes, with many key parameters
(including sliding velocity, ambient or local temperature [12], applied pressure [13], surface
roughness [14]) appearing in a variety of forms (e.g., adhesive wear, abrasive wear, surface
fatigue, micromotion wear, erosive wear, corrosive and oxidative wear). Wear consists
of many complex mechanisms [15], including contact, friction, inelastic deformation, etc.,
which make wear a very complex phenomenon. Frictional thermal expansion greatly
impacts the mechanical properties of components in the wear process [16]. As the tempera-
ture rises, such expansion will become more significant, and the contact load will change
more evidently, thus intensifying the wear degree, which cannot be neglected. At present,
nevertheless, no reliable wear model has been established to tackle this problem. To fill this
gap, a frictional wear model based on the frictional heating effect is proposed in this study
by optimizing the Archard equation. Meanwhile, a series of experiments are conducted to
verify its precision, which plays an essential role in predicting the reliability of this model
and the overall tribological properties of components.

2. Proposal of a Wear Model Based on the Frictional Heating Effect

We believe that friction will lead to a heat-affected zone under the action of normal
load and reciprocating motion (Figure 1a). Due to the additional pressure of thermal
expansion generated in the contact area of such expansion (Figure 1b), the contact pressure
and temperature will increase in this area, resulting in a relatively high-temperature zone
(Figure 1c), which, under the effect of thermal expansion at elevated temperatures, will
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be worn rapidly (Figure 1d). At this point, the new contact temperature of this area will
be higher than the initial one, and the normal contact load will be higher than the initial
positive contact pressure due to thermal expansion. Then, after repeating the steps in
Figure 1b—d on this basis, the temperature and degree of wear in the contact area increase
dramatically with the number of iterative cycles.
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Normal load Relatively high
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Figure 1. Flow diagram for frictional thermal wear.

On this basis, a model for wear prediction was proposed based on the frictional heating
effect in this study:

e (1)
K= { PO"‘):%}VILPIO Jo APads ) )
[(ATaE)S+Py|Lp ( )

In this equation, H represents the hardness of materials; M represents the wear mass;
Py represents the initial contact pressure; AP, represents the increment in contact pressure
within 7 dt periods; AT represents the temperature difference; « represents the coefficient
of thermal expansion; p represents the sample density; Z represents the sample length;
E represents the elasticity modulus; S represents the contact area; and L represents the
relative slip distance. Equation (1) is used when the temperature difference is unknown,
while Equation (2) is used when this difference is known.

The derivation is mainly carried out as per the following steps. First, the heat-affected
zone in Figure 1 is considered to be regular, as shown in Figure 2. Then, the micro-unit
is extracted with a height of Z, a length of dx, and a width of dy. In addition, the change
in positive contact pressure within the dt period is considered in this micro-unit, and the
equation below shall be made true:

t
n= |- 3
H ®
where 7 represents the positive integer; t represents the friction time; and dt represents

the micro-unit of ¢, with its value close to zero. Thus, we can obtain the energy consumed
when the frictional work is converted into a heat source:

Q = Pou(t)V (t)dty )

In this equation, Q represents the heat energy; Py represents the initial positive contact
pressure; i(t) represents the time function of friction coefficient; V(t) represents the time
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function of relative slip velocity; and v represents the conversion factor of frictional work
into heat energy. Thus, the temperature rise can be expressed as:

AT =

©)

Cm,

where AT represents the temperature rise; C represents the specific heat capacity; and m,
represents the mass of the heat-affected zone. Thus, we can obtain the distance of thermal
expansion in the Z direction:

Al = ATaZ (6)

where Al represents the strain in the Z direction; « represents the coefficient of thermal
expansion in this direction; and Z represents the original length of friction parts. The strain
in the Z direction is:

e=ATa 7

z

s,
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Figure 2. Microgram for the heat-affected zone of friction.

Thus, we can obtain the increment in normal contact pressure for the micro-unit under

the effect of thermal expansion:
AP = eEdxdy 8

where AP represents the increment in normal contact pressure, and E represents the elasticity
modulus. Thus, the normal contact pressure of this micro-unit can be expressed as:

Pp=AP+ P )

When the second dt is considered, the following equation can be obtained:
P, = AP, + AP, + Py (10)

When the friction time is t, the equation below is used:
n
Pu= Y AP+ P (1)
n=1
Therefore, by considering the whole heat-affected zone, we can obtain the following
equation:
ds = dxdy (12)
n Y opx
Peorrection = Po + Z / / APyds (13)
n=170 J0

At this point, the modified wear model is expressed as:
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Ke - HM (14)
Peorrection LP
where K represents the wear coefficient; H represents the hardness of materials; M repre-
sents the wear mass; L represents the relative slip distance; and p represents the density of
wearing parts.
The simplified equation below can be used when the temperature difference before
and after the friction is known:

K[(ATaE)S + Py]L
H
As mentioned above, this is suitable for dry friction and under heavy load. For
electrical contact, theoretically, Equation (4) can add Joule heat:

Q= (Pou(H)V (1) + P R(t) )dty (16)

In this equation, Q represents the heat energy; Py represents the initial positive contact
pressure; i(t) represents the time function of friction coefficient; V(t) represents the time
function of relative slip velocity; I represents the current; R(f) represents the temperature
function of resistance; and -y represents the conversion factor of energy into heat. In this
study, due to the limitation of experimental conditions, only dry friction is studied, so the
heat energy is described in Equation (4).

M=

(15)

Experimental Settings

After a large number of pre-experiments and related studies, 16 sets of friction and
wear experiments are designed in this section to verify the accuracy of the above wear
equations. This study includes three common engineering materials: 316L stainless steel,
pure titanium and 5A06 aluminium alloy. Their dimensions are 20 mm x 20 mm x 5 mm,
the upper specimen is a cylinder of stainless steel (stainless-steel cylinder diameter of
6 mm), the lower specimens are 316L stainless steel, pure titanium and 5A06 aluminium
alloy, the top and bottom specimens are sanded with 800-mesh, 1000-mesh and 2000-mesh
sandpaper. Following this, the surface was polished to a roughness of Ra < 0.8 um. The
upper and lower specimens were polished with 800-mesh, 1000-mesh and 2000-mesh
sandpaper, respectively, and then the surface was polished to a roughness of Ra < 0.8 um
and finally cleaned with deionised water and acetone. It was then placed in the air to
dry naturally.

In this study, the system for the friction experiment includes an FTM M30 frictional
wear tester, FLIR A615 high-precision thermal infrared imager (Wilsonville, OR, USA) and
BSM-220.4 0.1 mg electronic balance (Petra Mechatronics, Dubai, United Arab Emirates).
One of the FLIR sensors (temperature range —10° to 150°) has an accuracy of 0.01% FS
of the instrumental accuracy. Before the experiment, ultrasonic cleaning was performed,
and the mass of the wearing parts (1) was measured. Then, the high-precision thermal
infrared imager was placed in the position shown in Figure 3a; its operating platform was
set with an area for temperature detection in Figure 4a to read the highest temperature of
the friction zone in real time, as presented in Figure 4b. In this experiment, samples and
pins were fixed onto the reciprocating and Y-stroke modules, respectively (Figure 3b).

Then, the reciprocating platform’s parameters, including reciprocating frequency and
stroke, initial positive contact pressure and friction time, were set on the platform for the
frictional wear experiment. The principle is illustrated in Figure 3c. Pins were moved in
the negative direction of Y. Then, when these pins almost touched the samples, they were
pressed down constantly at a very low speed till the specific value on the normal force
sensor reached the preset initial contact pressure. At this point, the reciprocating module
began to run. While samples and pins rubbed against each other, the tangential and normal
force fluctuations were measured by tangential and normal force sensors, respectively. The
experiments were carried out at room temperature and after friction, ultrasonic cleaning
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was carried out to measure the mass of the worn mass (1m,,) and, finally, the mass of the
worn mass (1g—11,,4) to ensure the accuracy of the measured mass.

Normal load

Normal 1 .
force sensor \. Tangential
I force sensor

I H/ 45 steel
Sample —,/
-\ - J _Fixture

Tangential reciprocating motion

(b) (e)

Figure 3. (a) System and operating platform for the experiment on frictional thermal wear. (b) Re-
ciprocating module in the frictional wear experiment. (¢) Operating principle of the reciprocating
module for frictional wear.

Figure 4. (a) Data collection zone of the high-precision thermal infrared imager (FLIR A615). (b) Col-
lection zone of frictional temperature.

In this study, ten sets of experiments were carried out on 316L stainless steel according
to the parameters in Tables 1 and 2, and the average values were obtained to ensure the reli-
ability of the experiments in order to investigate the influence of friction velocity and initial
normal load on the frictional heating effect. In addition, three sets of experiments on 316L
stainless steel, pure titanium and 5A06 aluminium alloy were also carried out under the
conditions listed in Table 3 and averaged to investigate how the thermal expansion caused
by this effect affects the normal contact load and wear quality of the different materials.
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Table 1. Pressure identical friction frequency reciprocating experimental parameters.

Parameter Frequency/ Time/ Pressure/
Number (Hz) (min) (N)
1 2 10 40
2 4 5 40
3 6 3.3 40
4 8 2.5 40
5 10 2 40

Table 2. Frequency same friction frequency reciprocation experimental parameters.

Parameter Frequency/ Time/ Pressure/
Number (Hz) (min) (N)
1 10 10 20
2 10 10 30
3 10 10 40
4 10 10 50
5 10 10 60

Table 3. Parameters of friction frequency reciprocation experiments with different materials.

Parameter Frequency/ Slip Distance Pressure/
Number (Hz) (m) N)
316L 2/10 24 40
Pure titanium 2/10 24 40
5A06 aluminium alloy 2/10 24 40

3. Results and Discussion
3.1. Influence of the Initial Positive Contact Pressure on Frictional Heat and Wear Mass

A time-history curve was made for the frictional temperature of 316L stainless steel
under different initial positive contact pressures (20 N, 30 N, 40 N, 50 N and 60 N), as shown
in Figure 5. Meanwhile, it was smoothed by the neighbourhood averaging method and
is presented by the red curve in Figure 5. In the experiment, the reciprocating frequency
was set at 10 Hz, and the friction time was controlled at 10 min. It could be seen that
the temperature in the friction zone increased with the time. According to Figure 6a, the
temperature difference before and after the friction became increasingly larger as the initial
positive contact pressure increased. This is due to the fact that during friction, the friction
surface may undergo localised plastic deformation due to the two surfaces being under
high pressure, causing the friction surface to generate deformation heat. This heat from
plastic deformation leads to an increase in the temperature of the friction surface. Thereinto,
the difference was minimum under pressure of 20 N, with the value being 2.16 °C; those
under 30 N and 40 N had values of 5.24 °C and 5.86 °C, respectively; and the differences
under 50 N and 60 N were 7.95 °C and 8.3 °C, respectively. As analysed with Equation (1),
the frictional heat energy (Q) increased with the positive contact pressure (F;) and relative
slip distance (L). In addition, the temperature difference (AT) was directly proportional
to Q. Therefore, when the reciprocating frequency was constant, the frictional temperature
increased with the friction time. That is, the larger the value of s, the higher the temperature.
In addition, under the same stroke, the temperature difference increased with the positive
contact pressure.

Q= Puy (17)
_Q
AT = s (18)

In the above equations, Q) denotes the frictional heat energy; P is the normal con-
tact pressure; i represents the friction coefficient; L represents the relative slip distance;
7 represents the conversion factor of frictional work into heat energy; AT represents the
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temperature difference; c represents the specific heat capacity; and m, represents the mass
of the heat-affected zone. As shown in Figure 6b, the wear mass increased with the positive
contact pressure, which was particularly prominent under pressure of 20 N, 30 N and
40 N, corresponding to values of 1.7 mg, 4 mg and 7.7 mg. In addition, this mass showed
a similar value of 8.3 mg under 50 N and 40 N and reached the highest value of 12 mg
under 60 N. Therefore, it was found that the cycle in Figure 1b—d could be intensified when
the frictional temperature increased with the positive contact pressure, thus resulting in a
higher wear mass.

Temperature/°C

. 22 . .
— Signal of temperature — Signal of temperature — Signal of temperature
—— Smoothing signal of temperature 217 —— Smoothing signal of temperature —— Smoothing signal of temperature
0 2 4 6 8§ 10 “To 2 4 6 8§ 10 0 2 4 6 8§ 10
Time/min Time/min Time/min

(a) (b) (©)

— Signal of temperature 221" — Signal of temperature
—— Smoothing signal of temperature —— Smoothing signal of temperature

o 2 4 6 8 10 “%o 2 4 6 8 10
Time/min Time/min

(d) (©

Figure 5. (a—e) Trends of the effect of different initial normal loads from 20-60 N on the friction
temperature of 316L stainless steel.
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Figure 6. (a) Temperature variation curve of the frictional heat under different initial normal contact
loads. (b) Influence curve of the wear mass under different initial normal contact loads.

3.2. Influence of the Reciprocating Frequency on Frictional Heat and Wear Mass

Figure 7 presents a time-history curve for the frictional temperature of 316L stainless
steel at different reciprocating frequencies (2 Hz, 4 Hz, 6 Hz, 8 Hz and 10 Hz). In the
experiment, this curve was smoothed by the neighbourhood averaging method, as shown
by the red curve in Figure 7. Then, the positive contact pressure was set at 40 N, and
the relative slip distance was controlled at 24 m. It could be seen that the temperature
in the friction zone increased with this distance. For the convenience of comparison, the
change in temperature at different reciprocating frequencies is illustrated in Figure 8a.
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It was found that the temperature difference before and after friction increased with the
increase in frequency. Among them, the smallest temperature difference is 0.21 °C at
2 Hz, the similar temperature difference is 0.9 °C and 1.44 °C at 4 Hz and 6 Hz, and the
temperature difference increases significantly at 8 Hz and 10 Hz, which are 2.87 °C and
5.46 °C, respectively. Especially in the initial stage of friction, the temperature also increases
with the increase in reciprocating frequency. This is because during friction, due to the
friction generated by the relative motion of the two surfaces, part of the mechanical energy
is converted into thermal energy. These losses of mechanical energy lead to an increase in
the temperature of the friction surface.
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s 8 8
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Figure 7. (a—e) Influence trend of different reciprocating frequencies on the frictional temperature of
316L stainless steel.
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Figure 8. (a) Temperature variation curve of the frictional heat at different reciprocating frequencies.
(b) Influence curve of the wear mass at different reciprocating frequencies.

Figure 8b presents the change in wear mass with this frequency: the former increased
with the latter. Thereinto, the wear mass was minimum at a frequency of 2 Hz, showing a
value of 0.6 mg; it was maximum at 10 Hz, showing a value of 7.7 mg. Meanwhile, this
mass increased slowly at 4 Hz, 6 Hz and 8 Hz, with corresponding values of 1.8 mg, 2.4 mg
and 3.3 mg. As analysed using Equation (1), when the stroke and initial positive pressure
were constant, the frictional work should have been unchanged as well. However, in unit
time, the cycle in Figure 4b—d was repeated increasingly with the frequency. Therefore,
the phenomenon of heat accumulation became relatively prominent. At the same time,
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the temperature rose significantly, and the thermal expansion was intensified. Thus, the
normal contact pressure fluctuated, which increased the degree of wear.

3.3. Influence of the Frictional Heating Effect on Normal Contact Load and Wear Mass

Figure 9 shows the wear mass under the same stroke (24 m) and initial positive contact
pressure (40 N) but at different reciprocating frequencies (2 Hz and 10 Hz). It was found
that the wear mass of pure titanium, 5A06 aluminium alloy and 316L stainless steel was
4.6 mg, 8.1 mg and 1.9 mg, respectively, at a frequency of 10 Hz, while the values were
1.1 mg, 2.2 mg and 0.6 mg, respectively, at 2 Hz. In accordance with the Archard wear
equation, this mass is expressed as:

M = pV (19)

where M, p, and V represent the mass, density, and the volume. The same material had
identical wear volume under the same initial positive contact pressure and stroke. Under
such circumstances, the wear mass should be identical as well. However, the error between
the actual wear mass of three materials and that predicted by the Archard model was more
than 300%, which was not reasonable. By analysing the above equation, it can be found that
the frictional heat is not considered, but it is an important factor affecting the frictional wear.
This is because the thermal expansion caused by such heat can affect the normal contact
pressure, thus influencing the degree of wear. Therefore, this equation shall be optimized.

I
10 Hz I
2 Hz

[0 Mass of wear/mg
B8 Mass before wear/g

AN AN AN

Pure Ti Aluminium alloy 316L Steel

Figure 9. The wear mass of pure titanium, 5A06 aluminium alloy and 316L stainless steel under stroke
of 24 m, initial positive contact pressure of 40 N, and reciprocating frequency of 2 Hz and 10 Hz.

Figures 10-12 present the variation curves for the temperature and normal contact
pressure of 5A06 aluminium alloy, 316L stainless steel and pure titanium at reciprocating
frequencies of 2 Hz and 10 Hz, respectively. First, these curves were smoothed using the
neighbourhood averaging method. Then, the initial positive contact pressure was set at
40 N, and the relative slip distance was controlled at 24 m. Under the same stroke, the
temperature rise at 10 Hz was more significant than that at 2 Hz. For 5A06 aluminium alloy,
the temperature increased by 0.5 °C at 2 Hz but 1.3 °C at 10 Hz. For 316L stainless steel,
the temperature increased by 0.3 °C at 2 Hz but 4.5 °C at 10 Hz, showing a more significant
rise. For pure titanium, the temperature increased by 1.2 °C at 2 Hz but 4.2 °C at 10 Hz,
showing a rising trend. These results are in accordance with the above analysis about the
influence of reciprocating frequency on frictional temperature.
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Figure 10. (a-d) Variation curve for the normal contact load of 5A06 aluminium alloy under different
frictional heats at the reciprocating frequency of 2 Hz and 10 Hz.
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Figure 11. (a—d) Variation curve for the normal contact load of 316L stainless steel under different
frictional heats at the reciprocating frequency of 2 Hz and 10 Hz.
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Figure 12. (a—d) Variation curve for the normal contact load of pure titanium under different frictional

heats at the reciprocating frequency of 2 Hz and 10 Hz.

Regarding the normal positive contact
als at 10 Hz was more fluctuant than that

the whole friction system tends to be unsta

As shown by smooth curves, the normal force was on the rise both at 10 Hz and 2 Hz,
showing certain periodic fluctuations. By amplifying the curve of 5A06 aluminium alloy
along the Y axis in Figure 10c, it was found (Figure 13) that the normal contact pressure
increased in the first segment (Figure 13(I)) due to the frictional thermal expansion, but
because the relatively high-temperature zone
Furthermore, in the third segment, the worn
surface experienced thermal expansion again (Figure 13(IlI)), which was consistent with
the cycle in Figure 1. Thus, the normal positive contact pressure increased, showing certain
periodicity. The fluctuation trends for the normal force of 316L stainless steel (Figure 11c,d)
and pure titanium (Figure 12¢,d) basically accorded with this fluctuating upward trend.

it declined slightly in the second segment
was worn and ground [18] (Figure 13(II)).

3.4. Model Verification

The proposed model was verified based on the above experimental results. In this

pressure, the normal load of these three materi-
at 2 Hz, which was caused by various factors,
such as frictional vibration and systematic noise. When the reciprocating frequency was
low, the degree of vibration was also relatively low. However, as this frequency, i.e., the
relative velocity, increased, the phenomenon of vibration was more likely to occur. Notably,
the normal load of pure titanium fluctuated violently at both frequencies (2 Hz and 10 Hz),
as shown in Figure 12. This is because this material has high stiffness and good thermal
stability. Hence, in the case of relative friction, the frictional vibration will occur easily, and

ble [17].

study, the wear coefficient was obtained from the Archard equation below:

MH

~ PoLp

Due to the inconspicuous influence of frictional thermal expansion on the degree
2 Hz, the wear mass of pure titanium, 316L

of wear at the reciprocating frequency of
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stainless steel and 5A06 aluminium alloy at this frequency was used to calculate their
respective wear coefficients, as shown in Table 4. In addition, this table also includes these
materials’ elasticity modulus [19-21], yield strength [22-24], density [25-27] and coefficient
of thermal expansion [28-30]. Figure 14 shows the actual wear mass and that predicted by
modified and Archard models under a stroke of 24 m, initial normal contact load of 40 N
and reciprocating frequency of 10 Hz. It can be found that the wear mass predicted by the
modified model is more precise than that by the Archard one.
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Figure 13. The time-history curve of normal contact load smoothed by neighbourhood averaging
method and the wear stage corresponding to different segments.

Table 4. Parameters for 316L stainless steel, pure titanium and 5A06 aluminium alloy.

Parameter APL/

Material K E/(Gpa)  H/(Mpa) (kg7m3) arc)
Pure Ti 203 x 104 110 284 4510 105 x 10~©
Aluminum alloy 1.90 x 10~4 70 224.25 2700 23.6 x 10°
316L Steel 0.2 x 1074 193 310 7980 17.3 x 106

When the wear mass was predicted by Archard and modified models, the errors
for pure titanium were 32.6% and 8.7%, respectively, showing that the latter’s precision
was improved by 23.9%. For 5A06 aluminium alloy, the errors were 72.8% and 65.4%,
respectively, and the precision was improved by 7.4%. For 316L stainless steel, the errors
were 68.4% and 15.8%, respectively, and the precision was improved by 52.6%. Thereinto,
the errors for the wear mass of 5A06 aluminium alloy predicted by both models were above
50%, which is due to the fact that the hard particles that are produced in the process of
friction have a “plough-cutting” effect on this relatively soft material [18].

As shown in Figure 14, the error was relatively large between the actual wear mass
and that calculated with the typical Archard model. However, the value calculated with
the modified model was closer to the actual one. Therefore, it can be concluded that
the modified Archard wear model, with a higher precision, is suitable for the working
condition in which the friction time is long and the frictional heat is obvious, for example,
the wear prediction of the brake disc.
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Figure 14. Comparison diagram of the actual wear mass and that calculated with Archard and
modified models.

4. Conclusions

In this study, 316L stainless steel was first adopted to reveal the mapping relation of
the initial normal contact load, average velocity, frictional heat, and wear mass. Then, based
on this finding, the influences of different reciprocating frequencies and temperatures on
the normal load were discussed for 316L stainless steel, pure titanium and 5A06 aluminium
alloy to explore the mechanism of frictional thermal wear. Finally, a new model for the
prediction of wear mass was proposed. The main conclusions are as follows:

(1) The frictional temperature increases with the initial positive contact pressure, recipro-
cating frequency and friction time.

(2) The wear mass also increases with rising temperature.

(3) The mechanism of frictional thermal wear is analysed. With the generation of frictional
heat, the normal force fluctuates periodically, and the wear mass and temperature
increase in a cyclic iterative manner in the contact area.

(4) A wear model based on frictional thermal expansion is proposed. The actual wear
mass, the predicted wear mass by the modified model and the predicted wear mass
by Archard were measured at a reciprocating frequency of 10 Hz, an initial normal
contact load of 40 N and a travel distance of 24 m. The results show that the modified
model can predict the wear mass more accurately than the traditional Archard wear
model, and the accuracy of the modified model is improved by 52.6%, 7.4% and
23.9% for the 316L stainless steel, the 5A06 aluminium alloy and the pure titanium,
respectively. Since the proposed model is limited to specific workpiece types and
operating conditions, it will be a reliable model for predicting workpiece material
wear under these conditions for future studies.
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Abstract: In this paper, the laser beam oscillation welding (LBOW) was utilized to weld a 2 mm thick
AA2060 aluminum-lithium (Al-Li) alloy plate. The weld pool behaviors under three scanning paths
(pure laser, O-shaped, and co-shaped) were investigated. It was observed that the O-shaped scanning
path resulted in the most stable welding process. In addition, the weld macroscopic formation,
microstructure, and mechanical property between different paths were studied. The results showed
that pure laser and co-shaped patterns produced welding defects such as spatters and collapse during
the welding process, while the O-shaped pattern exhibited good macroscopic formation at varying
laser powers. The O-shaped pattern promoted the finest grain in the weld center and reduced the heat
input during the welding process. The equiaxed grain zone (EQZ) width of the O-shaped pattern is
the smallest compared to the other two patterns at high laser power. In addition to this, the O-shaped
pattern could effectively reduce the porosity in the weld. When an O-shaped scanning pattern was
adopted at the ideal laser power parameter of 3000 W, the microhardness of the weld center increased
by approximately 5.6% compared to pure laser mode.

Keywords: aluminum-lithium alloy; laser beam oscillation welding (LBOW); weld pool behavior;
microstructure; mechanical property

1. Introduction

Replacing the traditional aeronautical Al alloys with Al-Li alloys is of great value
to enhance the comprehensive properties of aerospace equipment [1]. The addition of
lithium elements to aluminum alloys results in the formation of Al-Li alloys that retain
high-strength, excellent corrosion resistance, and fatigue resistance, while simultaneously
reducing specific gravity and enhancing stiffness [2,3]. Consequently, Al-Li alloys hold
promising prospects for utilization in contemporary aerospace manufacturing [4,5]. Laser
beam welding offers several benefits, including a high energy density, minimal heat input,
absence of mechanical contact, and the ability to weld various materials [6,7]. Laser
beam welding achieves optimal welds with a high ratio of depth-to-width, a restricted
heat-affected zone, minimal deformation, and excellent mechanical qualities due to its
significant energy density [8,9]. When the laser beam is welding high-strength aluminum
alloys, it will appear to have high reflectivity, spatter, high porosity, and a joint softening
phenomenon [10,11]. These problems seriously restrict the application of laser beams in
the aluminum alloy welding field. Laser beam oscillation welding (LBOW) is a new type of
welding method that uses a galvanometer-type laser head; it can control the beam in a high
frequency under different paths, and has many advantages, such as grain refinement, low
porosity, and mechanical property strengthening of joints [12,13].
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Numerous scholars have conducted studies on the process of laser beam oscillation
welding. Thiel [14] demonstrated that the welding efficiency was notably enhanced in
laser scanning welding compared to pure laser welding, while the susceptibility of the
welding process to focus drift was diminished. The welding process became more efficient
as the sensitivity to focal point drift decreased. Ai [15] developed a three-dimensional
numerical model to investigate the dynamic behavior characteristics of the weld pool in
oscillatory laser welding, and found that the vortices formed in the weld pool-induced
complex fluid flow characteristics. Chen [16] employed an co-shaped scanning mode for
welding 5052 aluminum alloy. The results showed a significant increase in both the depth
and width of the co-shaped weld compared to a pure laser weld. Similarly, Wang [17]
utilized three different scanning paths of the laser beam to weld 5A06 aluminum alloy.
The experiments demonstrated that the weld seam under infinitely shaped laser path was
effective in reducing the porosity of the weld zone. The cooling rate during the welding
process was an important factor affecting the mechanical properties of the material [18,19];
LBOW changed the thermal input of conventional lasers, thus the cooling rate changes.
Zhang [20] employed an oscillating laser to join mild steel and observed that the oscillating
laser effectively restrained grain enlargement by changing the linear velocity of the laser
beam, and enhanced the tensile strength of welded joints. Zhang [21] examined the
fundamental mechanism of the O-shaped scanning laser welding process by the application
of computational fluid dynamics methodology. The results demonstrated that the O-shaped
scanning laser diminished the maximum temperature and temperature gradient while
generating a novel vortex within the weld pool, which increased the cooling rate of the
weld, thus improving the mechanical properties of the weld seam. In a study conducted
by Smith [22], dissimilar metal welding tests were performed using a laser scanning
welding procedure with an O-shaped scanning pattern. By accurately manipulating the
scanning profile, velocity, and laser intensity, it was possible to effectively manage the heat
input in the welded joint, increasing the degree of subcooling and improving mechanical
properties. Conversely, it allowed for the regulation of the fusion depth of the joint,
effectively suppressing the formation of brittle intermetallic compounds during the welding
procedure. Nevertheless, the investigation into the impact of different scanning trajectories
on the weld pool shape and joint strength lacks thoroughness. This study investigates the
forming mechanism of laser beam oscillation welding in the AA2060 Al-Li alloy using
three scanning paths, as follows: pure laser, O-shaped, and co-shaped. The research aims
to offer fundamental theoretical support for the laser beam oscillation welding process of
Al-Li alloy.

2. Experimental Procedures
2.1. Materials

The dimension of the AA2060-T8 Al-Li alloy plate utilized for the experiment was
150 mm x 50 mm x 2 mm, and its chemical composition was presented in Table 1. The
heat treatment state was T8, which meant that the solid solution treatment was followed by
cold deformation and subsequent artificial aging, and the temperature of it was 155 °C.

Table 1. Chemical composition of AA2060-T8 (wt. %) [23].

Element Cu Li Zn Mg Mn Zr Ag Si Fe Ti Al

Percent 3.9 0.8 0.32 0.7 0.29 0.1 0.34 0.02 0.02 <0.1 Bal.

2.2. Equipment and Methods

As depicted in Figure 1, the welding experiment employed a single-module continuous
fiber laser (MFSC 5000 W-6000 W) with a maximum power output of 6000 W. The laser
welding defocusing amount was 0 mm. The laser beam wavelength was 1064 nm, the
pass aperture was 30 mm, the quasi-diameter focal length was 100 mm, and the focused
spot diameter was 0.2 mm. Pure argon (99.99%) was employed as the shielding gas
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with flow rates of 15 L/min. The High-Speed Camera (KeTianjian, Changsha, China)
was utilized to capture photographs with an exposure time of 45 ms, a frame rate of
2200 Hz, and a pulse width time of 45 ms. The diagram illustrating the structure of laser
welding is shown in Figure 1. The scanning trajectory is depicted in Figure 2. The beam
trajectory was determined by the deflection of the beam deflector, which was controlled by
two galvanometer motors operating in orthogonal directions. The beam was swiftly shifted
within a specific range to achieve scanning trajectories that were pure laser, O-shaped, and
co-shaped. The welding parameters are shown in Table 2.

Parameters

Setting

Control station MFSC 6000W

-
=
g / Welding direction Gas nozzle
gs f J| Back
\[/ / shielding
- E
£ AA2060 sheet
o
¥ Light
beam

High speed
camera

Figure 1. Schematic diagram of the experimental set-up.
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Figure 2. Schematic diagram of the scanning paths and beam tracks.
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Table 2. Welding parameters.

. Welding Speed V Scannin, Scannin,
Sample Scanning Path Laser Power P (W) ( mgm /Is)) Frequency Fg(Hz) Amplitude Ag(mm)
1 Pure laser 3000 35 0 0
2 O-shaped 3000 35 100 1
3 oco-shaped 3000 35 100 1
4 Pure laser 3500 35 0 0
5 O-shaped 3500 35 100 1
6 oco-shaped 3500 35 100 1

Prior to welding, it was necessary to polish and clean the test plate, and then it was
wiped with ethanol to eliminate any surface debris and contaminants. After welding, the
metallographic specimen was prepared by making a line cut perpendicular to the welding
direction. Subsequently, it was corroded using Keller’s reagent (with a volume ratio of
H,O: HF: HCL: HNOj3 = 95:1:1.5:2.5) after embedding, roughing, grinding, and polishing.
We utilized the Tescan vega3 scanning electron microscope to observe the microstructure,
and employed a Vickers microhardness tester to measure the hardness of the joints. The
hardness testing was conducted along the transverse centerline of the joints. As depicted
in Figure 3, the hardness sampling points were spaced at intervals of 0.25 mm and 0.5 mm
away from the sheet surface. A loading load of 100 g for a sustained loading time of 15 s
was applied. As for the microhardness measurement, each microhardness value was the
average obtained under the condition of taking three samples for three hardness tests. The
confidence interval was 95%, and standard deviation was 1.9% after reviewing the related
standards and taking into account experimental errors.

ﬂ 0.5 mm <

0.25mm
ﬂ F Weld Seam

Test points

Base Metal —

2 mm

<
-

6 mm

Figure 3. Schematic diagram of the microhardness.

3. Results and Discussion
3.1. Macrostructure

Tables 3 and 4 display the impact of scanning pathways on the surface morphology and
cross-section morphology of the weld at different laser power levels. Observations reveal
that with a laser power of 3000 W, the surface of the pure laser weld exhibits unevenness,
noticeable oxidation, a high concentration of spatters surrounding the weld, and a slight
undercut. Upon transitioning to the scanning laser welding technique, there is a notable
alteration in the surface configuration of the weld. When the scanning path is O-shaped,
the width of the weld path increases significantly, resulting in a uniform silver-white fish
scale pattern on the weld surface without oxidation. Additionally, the number of spatters
around the weld decreases significantly. On the other hand, when the scanning path is
co-shaped, the width of the weld path is similar to the O-shaped one. However, the weld
surface is less scaly and exhibits better uniformity and smoothness. Nevertheless, when the
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laser power is elevated to 3500 W and the scanning path is either pure laser or co-shaped,
varying levels of undercollapse manifest at the rear end of the weld as a result of heat
accumulation, and there is an increased presence of spatter surrounding the weld. At this
level of power, the weld production of the O-shaped scanning route remains superior,
exhibiting a smooth surface and absence of spatter. Additionally, the breadth of the weld
path shows minimal variation at this power level. Hence, it is evident that the utilization of
the O-shaped scanning laser welding technique results in improved weld zone formation
and enhanced process stability.

Table 3. Surface forming and cross-section morphology of AA2060 weld joints under 3000 W.

Process Parameters Top-Surface Cross-Section

ar ""i.‘)'li,.':;h‘ %4 B AT S

Pure laser

Welding Direction *
’*n__

e T e e
SPDEMERENIRIY
7 A 1

O-shaped

Welding Direction gy 500um
_ I

co-shaped

500pm
O

Table 4. Surface forming and cross-section morphology of AA2060 weld joints under 3500 W.

Process Parameters Top-Surface Cross-Section

Pure laser
AR
O-shaped
500um
co-shaped

205



Coatings 2024, 14, 1065

3.0

o
o

Weld Width (mm)

[
~

As shown in Figure 4, at a laser power of 3000 W, the pure laser produces the smallest
weld width in the weld, while the co-shaped scanning path produces the largest melt width.
This is because the O-shaped and co-shaped scanning paths increase the heated area of the
weld, leading to an increase in weld width. Additionally, when the scanning paths overlap
in a straight line, the weld depth of fusion remains relatively unchanged, regardless of the
scanning path. It is evident that the scanning path has a more pronounced impact on the
width of the melted area when lower power levels are used. Increasing the laser power to
3500 W results in the greatest weld depth of fusion when using the pure laser. Conversely,
the co-shaped scanning path yields the smallest weld depth of fusion. However, the weld
width remains constant regardless of the scanning path. This is because, at higher power
levels, most of the heat is concentrated in the direction of the weld depth of fusion when
no swing is applied. On the other hand, the O-shaped and co-shaped paths have weaker
effects on the depth of fusion than pure laser due to their larger amplitudes, which causes
the heat to propagate more rapidly than pure laser.

' SE :
(@) | P: 3000W Weld depth: 1.1mm L3 (o) [ P: 3500W Weld width: 3.0mm
14 | J
E13}
L e
| 2
- 12
>
3]
i =
1.1 - l
B 1.0 - rl—l
Pure laser O-shaped w-shaped Pure laser O-shaped w-shaped
Scanning Path Scanning Path

Figure 4. (a) Weld width under different scanning paths and (b) weld depth under different scan-
ning paths.

3.2. Weld Pool Behavior

High-speed cameras were employed to capture the flow behavior of the weld pool
throughout a single cycle under each of the three scanning paths in order to examine the
process by which welded connections are formed. The resulting data are presented in
Figures 5 and 6.

As depicted in Figure 5a, using a 3000 W laser during the pure laser welding process,
a significant portion of laser energy is absorbed by the hole, leading to an elevation in the
internal temperature of the hole. Instead, it causes substantial fluctuations in the weld pool
and the generation of a substantial amount of plasma and metal vapor. The directional
movement of the weld pool is caused by the surface tension gradient of the liquid metal,
which is influenced by Marangoni convection. In this scenario, the weld pool oscillation
causes some of the molten metal to be expelled when the plasma is emitted from the base
metal surface. As a result, spatters are prone to forming on the weld surface.
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Figure 5. High-speed camera images of 3000 W laser welding: (a) pure laser, (b) O-shaped, and
(c) co-shaped.
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Figure 6. High-speed camera view of 3500 W laser welding: (a) pure laser, (b) O-shaped, and
(c) co-shaped.
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Figure 5b, shows that in the O-shaped scanning welding process, after adopting the O-
shaped path, the bursting of plasma/metal vapor is closely related to the change in the laser
beam position. As the laser beam position keeps changing, the orientation of plasma also
moves, resulting in a decrease in the amount of heat absorbed by the hole. Consequently,
this suppresses the bursting of the plasma and the metal vapor. Simultaneously, the velocity
of the laser spot’s motion is greatly augmented, resulting in the continuous fluctuations
in the laser beam position. This dynamic alteration enhances the extent of the impact
of the laser beam on the liquid metal, decelerates the rate at which the weld pool cools,
reduces the fluctuation of the liquid metal, aids in stabilizing the weld pool, and effectively
enhances the uniformity of the weld formation. Furthermore, when compared to the pure
laser, the size of the opening in the O-shaped scanning path increases. However, this
change in size is relatively gradual and does not exhibit significant fluctuations over time.
The high-speed camera shows that the fluctuation of the weld pool surface is relatively
smooth, and the splashing phenomenon is significantly reduced.

As can be observed in Figure 5c, in co-shaped scanning path laser welding, the volume
of plasma and metal vapor is considerably decreased compared to the pure laser welding
condition. In this process, the plasma undergoes minimal oscillation while the laser beam
follows a distinct “co” path. The laser beam first melts the alloy at the front end of the weld
pool at high temperatures, and then heats the metal at the back end twice as it advances to
the back end of the weld pool. The weld pool experiences rapid oscillation, resulting in
repeated cycles of cooling, solidification, and heating, leading to a decrease in plasma burst.

As shown in Figure 6a,b, when the laser power is 3500 W, the fluctuation in the size
of the weld pool during pure laser and O-shaped scanning welding is comparable to that
observed at 3000 W. In Figure 6¢, under the co-shaped scanning path, the laser power is
elevated, resulting in repeated heating of the weld pool and a substantial increase in heat
input. The accumulation of heat results in the concentration of heat in the central and
posterior regions of the weld, ultimately resulting in the collapse of the liquefied metal pool
and the production of substantial quantities of plasma gas and spatter. This phenomenon
suggests that when using high power conditions, the thermal treatment of the weld pool
during laser welding with a co-shaped scanning path becomes unstable. This instability
leads to a notable rise in plasma gas and spatter, which has a negative impact on the quality
of the weld.

Based on the analysis of the laser scanning weld shaping law, it showed that in the
LBOW process, the laser beam constantly changes position. This process can produce two
effects. Firstly, it stirs the weld pool, increasing the fluidity of the molten metal to become
larger compared to a pure laser case, which allows for stable welding even at lower laser
power. Secondly, the continuous movement of the laser beam increases the heating range
and the volume of the weld pool that reduces the generation of plasma and metal vapors,
resulting in a significant reduction of spatter. An extensive analysis of the outcomes in the
two conditions of 3000 W and 3500 W demonstrates that O-shaped scanning laser welding
is minimally influenced by the laser power, it exhibits the highest level of stability in the
welding process, and achieves an optimal weld shape.

3.3. Microstructure
3.3.1. Crystal Morphology

In order to investigate the characteristic of weld microstructure in the Al-Li alloy
during various laser scanning path welding procedures, a scanning electron microscope
was utilized to examine the weld structure subsequent to welding. Figure 7 is a schematic
diagram of the microstructure of an Al-Li alloy joint, and Figure 8 is the metallographic
picture of the actual weld. The weld joint is categorized into four regions based on the
heat condition, as follows: the base metal (BM), heat-affected zone (HAZ), transition zone
(TZ), and weld zone (WZ). The transition zone consists of the equiaxed grain zone (EQZ)
and the partially melted zone (PMZ). The EQZ is a unique fine-grain region between
the HAZ and WZ of Al-Li alloy. Several studies have examined the process by which
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this region is formed [24-26]. Generally, the weld zone includes columnar dendrites and
equiaxed dendrites.

PMZ m Columnar dendrite

‘ EQZ * Equiaxed crystal

Equiaxed -
dendrites -

Columnar
dendrites

Figure 8. Typical weld metallograph.

During the initial stage of solidification in the weld pool, elevated temperatures and
increased welding speeds result in greater temperature differences and faster formation of
crystals. In the region of the fusion line near the edge of the weld pool, the temperature
is relatively low, making it difficult for the grains to grow, and thus, an EQZ is formed.
Figures 9 and 10 show that when the laser power is 3000 W, the EQZ width is 21.76 pm with
pure laser, the O-shaped scanning EQZ width is 17.73 um, and the co-shaped scanning EQZ
width is 13.69 um; when the laser power is increased to 3500 W, the EQZ width is 18.71 um
with pure laser, the O-shaped scanning EQZ width is 13.73 um, and the EQZ width of
co-shaped scanning is 18.71 um. Additionally, the width of the columnar dendrites near the
fine crystal region also decreases. This phenomenon occurs because the rotational motion of
the laser focus alters the temperature gradient of the solid-liquid interface on both sides of
the weld pool, specifically in the width direction. As a result, this change affects the process
of associative crystallization and ultimately reduces the size of the columnar dendrites.
The EQZ zone expands when using co-shaped scanning at 3500 W. The reason for this is
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that the co-shaped scanning applies heat to the weld pool after increasing the laser power.
This leads to an excessive amount of heat being applied, and causes fragmentation in the
columnar dendrites zone.

D=2 opmy oA o PR o

Figure 9. SEM of EQZ: (a) 3000 W pure laser, (b) 3000 W O-shaped, (c) 3000 W co-shaped, (d) 3500 W
pure laser, (e) 3500 W O-shaped, and (f) 3500 W co-shaped.

/ m-shaped Vi g8

v

columnar ;lendrltes m
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Figure 10. SEM of the columnar dendrites at 3000 W. (a) Pure laser, (b) O-shaped, and (c) co-shaped.

When the laser power is 3000 W, pure laser welding and O-shaped laser welding
yields a weld with no pores. co-shaped laser welding has a small number of pores in the
EQZ. When the laser power is 3500 W, pure laser welding yields a weld with larger pores.
This is due to the rapid cooling of the weld pool, which prevents the gas from overflowing
in a timely manner. The O-shaped laser welding process, due to the laser stirring effect in
the weld pool and the stability of the welding process, results in the absence of any obvious
pores. In contrast, the co-shaped laser welding process, due to the high power welding
process instability coupled with a large area of remelting, can easily lead to the inclusion of
air in the weld pool, resulting in the formation of pores. The round laser welding, which is
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characterized by the laser stirring in the weld pool and the stability of the welding process,
does not appear for the formation of any discernible pores. In contrast, the co-shaped laser
welding, which is associated with the high power welding process and a large area of
remelting, is prone to the inclusion of air in the weld pool, which in turn gives rise to the
formation of pores.

Figure 10 shows that the high-speed scanning motion of the laser will make the
direction of the heat source in the weld continuously change; according to the theory of
grain directional growth, the change in the heat source trajectory will inhibit the growth of
the columnar dendrites directionality, and will not lead to the emergence of a significant
direction of columnar dendrites [27], which can reduce the tendency of the weld cracks.

Figure 11, shows that the grains in the middle of the weld coarsen after adopting the
scanning trajectory. Research has demonstrated [28] that the movement of heat and the
redistribution of solute elements during the solidification of a weld greatly impact crystal
growth. In the case of laser welding of Al-Cu-Li alloys, the initial phase «-Al (gray area)
solidifies first. The alloying elements, including Li, Mg, and Cu, become concentrated
at the front of the crystalline structure, forming a eutectic arrangement that precipitates
around «-Al. The rotational nature of the laser spot leads to localized repeated heating,
greater heat input, and extended grain development time, which results in a certain degree
of coarsening of the dendritic organization in the center of the weld.

“Pure laser’ . ~ v ' O-shaped ;" S Hna ~_00-Shzilied | J'_~ bl e
equiaxed dendrites. . sl equiaxed dendrites , - equiaxed dendrites, /I

Figure 11. SEM of the equiaxed dendrites at 3000 W. (a) Pure laser, (b) O-shaped, and (c) co-shaped.

It can be seen that high-speed welding under the laser scanning welding process does
not cause accelerated cooling of the weld pool, and the cooling time of the weld pool can
be prolonged relative to pure laser, which helps the crystal nucleation and grain growth;
thus, the fine-grain area in the crystallization can be fully nucleated, and can grow into a
dense fine-grain area. At the same time, the laser scanning welding process can achieve
high-speed changes in the position of the heat source compared to the pure laser welding
process, thus inhibiting the directional growth of grains.

3.3.2. Phase Analysis

Li, as a surfactant, comprises approximately 0.8 at. % of the Al-Li alloy. This facilitates
the process of being adsorbed onto the surfaces of Al3Zr- and Al; (Li, Zr)- precipitated
particles [29]. Then, sample 2 was selected for phase analysis. As depicted in Figure 12,
EQZ is mainly composed of x-Al (96.64% at. Al) and eutectic Al,Cu phase (90.05 at. % Al,
8.7% at. Cu). The results of the EDS measurements reveal that the Cu content is less than it
is in actuality, due to the fact that the EDS results are coming from an electron/material
interaction volume, which is certainly greater in volume than the size of the investigated
Al)Cu phases. In this way the Cu content is certainly lower than the real Cu content of
the Al,Cu phase. As shown in Figure 13, the Zr element has a higher content at grain
boundaries than in the x-Al matrix. Based on the theory of molten metal crystallization in
welded joints [30], as the weld pool cools and solidifies, solutes are redistributed, resulting
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in solute enrichment at the solid-liquid interface side of the weld pool. This enrichment
causes compositional supercooling. This process results in the creation of equiaxed nuclei
within the areas of the weld pool that have not hardened yet, leading to the growth of
equiaxed grains. Furthermore, Zr element promotes grain refinement and equiaxed grain
formation through its high tendency to segregate to the liquid/solid interface during
solidification [31,32]. For EQZ, the distribution of several solute elements was examined
to observe the degree of microscopic segregation of the components. As depicted in
Figure 13, the elements Cu, Ag, and Zn have an uneven distribution, with a predominant
enrichment at the grain borders and in the spaces between dendrites. This is owing to
the non-equilibrium crystallization process that happened in the quick solidification of
the weld pool, wherein the higher purity Al crystallizes first, and the crystallization front
drives the solute elements from the grain center to the border.
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Figure 12. (a) The SEM of EQZ (b,c). The EDS from the zones.
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Figure 13. EDS mappings for EQZ. (a) Al (b) Mg, (c) Cu, (d) Zr, (e) Ag, and (f) Zn.
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As made evident in Figure 14, the equiaxed dendrites primarily consist of «-Al solid
solution and Al,Cu eutectic phase, with additional alloying elements being concentrated
along the grain boundaries. The EDS analysis reveals that point 3 consists primarily of Al
elements (98.21 at. % Al, 0.88 at. % Cu), with lower Cu content compared to the parent
material (as shown in Table 1). Points 4 (96.73 at. % Al, 2.41 at. % Cu) and 5 (95.48 at. % Al,
3.45 at. % Cu) exhibit a eutectic structure that is not fully precipitated. As the degree of
precipitation increases, the amount of Al decreases, while the content of Cu increases. At
point 6, the eutectic phase is fully formed at the borders of the grains, consisting of 92.84 at.
% Al and 5.82 at. % Cu. From the Al-Cu binary phase diagram, the maximum solubility
of Cu in Al at 548 °C is shown to be 5.65%, whereas the solid solubility of Cu in Al at
ambient temperature is 0.05%. The concentration of Cu in the equiaxed dendrites exceeds
the maximum amount of Cu that can dissolve in Al. This is due to the rapid solidification
and cooling process of the laser weld pool, which expands the solid solubility limit of the
alloying elements, and increases the concentration of the alloying elements. As a result, a
supersaturated x-Al solid solution is formed in the weld state.
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Figure 14. (a) The SEM of equiaxed dendrites. (b—e) The EDS from the zones.

Figure 15 displays the SEM image of the columnar dendrites with EDS spectra, re-
vealing a significant increase in the concentration of Cu elements in the grain boundary
precipitates compared to the dendritic center. Conversely, the content of Zr elements
is reduced.

As made evident in Figure 16, the grain boundaries and intracrystalline coarse precipi-
tation phases inside the PMZ contain a high concentration of various alloying elements,
including both important alloying elements (Cu, Mg, Ag) and ones with a limited diffusion
capacity (Fe, Mn). This is because the atomic diffusion coefficients of Fe and Mn are low,
preventing them from diffusing into the grain boundaries during the solid-state cooling
process of a brief welding heat cycle.
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Figure 16. (a) The SEM of PMZ. (b,c) The EDS from the zones.

3.4. Microhardness

A weld joint has equiaxed dendrites, columnar dendrites, EQZ, and PMZ from the
center along the direction of the weld fusion line. In Figure 17, it is observed that the
microhardness of the weld is low in the equiaxed dendrites. This is due to the fast cooling
rate in the center of the weld with low heat input, which may result in the formation of a
supersaturated solid solution, leading to low microhardness. As the testing area moves
from the equiaxed dendrites to the columnar dendrites area, the microhardness increases.
Upon entering the partially melted zone, the microhardness starts to rise rapidly. As the
distance between the test point and the center increases, the microhardness quickly returns
to the hardness of the base metal.

The comparison reveals that for different powers, low values of microhardness exist in
the area of the fusing line for all three. At a power level of 3000 W, the area around the EQZ
exhibits a microhardness of approximately 66 HV. However, when the power is increased
to 3500 W, the microhardness of the area around the EQZ rises to around 72 HV. During
laser welding, the elevated temperature of the base metal adjacent to the fusion line causes
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Microhardness (HV)

Microhardness (HV)
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an over-aging phenomenon. This results in the melting of the reinforcing phases inside the
base metal, leading to a substantial drop in the microhardness of the HAZ. The scanning
path welding procedure does not considerably enhance the softening of the joints in the
EQZ. At a power of 3000 W, the equiaxed dendrites microhardness decreases to 40% of the
base metal (approximately 65 HV) during the pure laser process. However, when using the
O-shaped scanning path process, the hardness of the entire joint becomes more uniform,
measuring around 73 HV, which is equivalent to 45.6% of the base metal. Additionally, the
microhardness of the joint improves by 5.6% compared to the joint produced through the
pure laser process. Ata power of 3500 W, the weld microhardness in the equiaxed dendrites
is reduced to 41.8% of the base metal microhardness, which is approximately 68 HV, in
the pure laser process. In the O-shaped scanning path process, the joint microhardness
is more evenly distributed, measuring around 72 HV, which is 44.3% of the base metal
hardness. Additionally, the joint microhardness is improved by 2.5% compared to the pure
laser process. In the co-shaped scanning path process, the joint microhardness is similar to
the O-shaped pattern.
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Figure 17. Microhardness distribution of welded joints with different scanning paths. (a—f) Samples 1-6;
(g) the track and the value of microhardness in sample 2.
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4. Mechanism Analysis

All welding processes used in this experiment are classified as laser heat conduction
welding. When using the O-shaped scanning mode, only a small amount of metal evapo-
rated to form vapor depression. As shown in Figure 18, the O-shaped laser beam oscillates
in the weld pool, agitating the liquid metal in the weld pool and creating a vortex that
reduces the generation of metal vapor and spatters. Additionally, the columnar dendrites
in the weld zone are broken up by laser beam, which contributes to the nucleation of fine
grains in the center of the weld. Consequently, the O-shaped pattern refines the grain and
improves the hardness in the center of the weld when compared to pure laser. At the same
time, the O-shaped scanning mode reduces the heat input during the welding process, so
the EQZ width of the O-shaped pattern is the smallest compared to the pure laser and
oo-shaped pattern at high laser power. Due to the stirring effect of the laser, the gas can be
overflowed in time, so the weld is basically free of pores made by the O-shaped mode.

Oscillation direction

Figure 18. Schematics of weld pool flow and microstructure formation in the O-shaped laser beam

welding process: (a) top-surface; (b) cross-section.

5. Conclusions

In this study, the stability of the welding process, the macroscopic forming, and
mechanical properties of the weld under three different scanning paths were studied,
obtaining O-shaped mode as the optimal scanning path. The flow state of weld pool and
the formation mechanism of grain structure in O-shaped mode were revealed. The main
conclusions were as follows:

(1) Laser beam oscillation welding was more effective than pure laser welding in pre-
venting the release of plasma gas and metal vapor from the weld pool, thus reducing
spattering. Consequently, the LBOW process was more stable.

(2) The O-shaped scanning path was more resistant to the impact of laser power and
yielded the optimal weld shape in comparison to pure laser and co-shaped scan-
ning paths.

(3) The Zr element promoted the microstructure formation of EQZ, the equiaxed dendrites
and columnar dendrites were mainly composed of «-Al solid solution and Al,Cu
eutectic phase, and PMZ was similar in composition to the base metal.

(4) LBOW could reduce the width of the EQZ and decrease the pores to improve the
mechanical properties of the weld, in which the microhardness of the weld center
could be increased by 5.6% under a laser power of 3000 W for O-shaped scanning path
laser welding compared to pure laser welding, which means that LBOW provides a
small improvement in mechanical properties.

Author Contributions: Conceptualization, Y.L., L.L. and J.Y.; methodology, Y.S. and Y.L.; software,
Y.G. and H.Z ; validation, Y.L. and Y.S.; formal analysis, Y.S. and H.Z; resources, J.Y., H.L., H.Z. and
Y.G,; data curation, Y.S., Y.L. and Y.G.; writing—original draft preparation, Y.S.; writing—review and
editing, Y.L. and ].Y.; project administration, Y.G., H.Z., H.L. and L.L.; supervision, ].Y. and L.L. All
authors have read and agreed to the published version of the manuscript.

216



Coatings 2024, 14, 1065

Funding: This research was funded by the Shanghai Key Laboratory of Materials Laser Processing
and Modification (MLPM), grant number MLPM2022-1.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: The data are contained within the article.

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

References

1. Li,S.S,; Yue, X,; Li, QY,; Peng, HL.; Dong, B.X,; Liu, T.S.; Yang, H.Y.; Fan, ].; Shu, S.L.; Qiu, E; et al. Development and applications
of aluminum alloys for aerospace industry. J. Mater. Res. Technol. 2023, 27, 944-983. [CrossRef]

2. Ma, PP; Zhan, L.H,; Liu, C.H.; Wang, Q.; Li, H.; Liu, D.B.; Hu, Z.G. Pre-strain-dependent natural ageing and its effect on
subsequent artificial ageing of an Al-Cu-Li alloy. J. Alloys Compd. 2019, 790, 8-19. [CrossRef]

3. Zhao, Y.Q.; Wu, Y.F; Chen, M.L.; Gu, Y.Z.; Zhan, X.H. Research on the stripping performance during dual laser-beam bilateral
synchronous welding of 2219 aluminum alloy T-joint for spacecraft. |. Manuf. Process. 2019, 45, 33—45. [CrossRef]

4. Zhang, J.; Wang, C.; Zhang, Y.; Deng, Y.L. Effects of creep aging upon Al-Cu-Li alloy: Strength, toughness and microstructure.
J. Alloys Compd. 2018, 764, 452-459. [CrossRef]

5. Dorin, T.; De Geuser, E,; Lefebvre, W.; Sigli, C.; Deschamps, A. Strengthening mechanisms of T; precipitates and their influence
on the plasticity of an Al-Cu-Li alloy. Mat. Sci. Eng. A Struct. 2014, 605, 119-126. [CrossRef]

6. Jiang, N.; Jiang, M.; Chen, X.; Han, T.; Ma, S.; Chen, Y.; Wang, Z.; Jiang, Y.; Yang, L.; Lei, Z,; et al. Effect of beam oscillation on
weld formation, microstructure and mechanical properties in vacuum laser beam welding of thick section 5083 aluminum alloy.
Opt. Laser Technol. 2024, 171, 110408. [CrossRef]

7. Zheng, M.; Yang, J.; Xu, J.Y;; Jiang, ] W.; Zhang, H.; Oliveira, J.P; Lv, X.Q.; Xue, J.; Li, Z.G. Interfacial microstructure and
strengthening mechanism of dissimilar laser al/steel joint via a porous high entropy alloy coating. . Mater. Res. Technol. 2023, 23,
3997-4011. [CrossRef]

8. Bi, J; Wu, L, Liu, Z,; Wang, H,; Li, Q.; Yang, Z. Coupling effect of ultrasonic vibration and beam oscillation on FQZ soften
inhibition of laser welded Al-Mg alloy joints. Mater. Lett. X 2023, 18, 100197. [CrossRef]

9. Jiang, J.W,; Oliveira, ].P; Yang, J.; Zheng, M.; Li, H.Y.; Xu, WH.; Wu, L.Q.; Dou, T.Y.; Wang, R.J.; Tan, C.W. Effect of defocusing
distance on interfacial reaction and mechanical properties of dissimilar laser Al/steel joints with a porous high entropy alloy
coating. Mater. Charact. 2024, 210, 113751. [CrossRef]

10. Wang, X.; Luo, Y.P; Huang, T,; Liu, H.X. Experimental Investigation on Laser Impact Welding of Fe-Based Amorphous Alloys to
Crystalline Copper. Materials 2017, 10, 523. [CrossRef]

11. Gong,J; Li, L.; Meng, S.; Huang, R.; Zou, J.; Cao, H. Study on stability and microstructure properties of oscillating laser welded
5A06 alloy with narrow gap. Opt. Laser Technol. 2022, 155, 108360. [CrossRef]

12.  Liu, FY,; Tan, CW,; Wu, L.J.; Gong, X.T.; Chen, B.; Song, X.G.; Zhao, H.Y.; Wang, G.D. Influence of waveforms on Laser-MIG
hybrid welding characteristics of 5052 aluminum alloy assisted by magnetic field. Opt. Laser Technol. 2020, 132, 106508. [CrossRef]

13. Chen, C; Wang, W.Y;; Li, D.Y,; Cai, Y.M.; Zhang, Y.H.; Zhang, K. Effect of beam oscillation on microstructure and properties of
laser-TIG hybrid welding of D406A ultra-high strength steel. J. Manuf. Process. 2020, 57, 798-805. [CrossRef]

14. Thiel, C.; Hess, A.; Weber, R.; Graf, T. Stabilization of laser welding processes by means of beam oscillation. Laser Sources Appl.
2012, 8433, 225-234.

15. Ai, Y, Yu, L; Huang, Y.; Liu, X. The investigation of molten pool dynamic behaviors during the “co” shaped oscillating laser
welding of aluminum alloy. Int. J. Therm. Sci. 2022, 173, 107350. [CrossRef]

16. Chen, G.Y,; Wang, B.; Mao, S.; Zhong, PX.; He, . Research on the “co”-shaped laser scanning welding process for aluminum alloy.
Opt. Laser Technol. 2019, 115, 32-41. [CrossRef]

17.  Wang, Z.M.; Oliveira, ].P.; Zeng, Z.; Bu, X.Z.; Peng, B.; Shao, X.Y. Laser beam oscillating welding of 5A06 aluminum alloys:
Microstructure, porosity and mechanical properties. Opt. Laser Technol. 2019, 111, 58-65. [CrossRef]

18.  Chmelko, V.; Berta, I.; Margetin, M. Influence of Heat Treatment Process to the Fatigue Properties of High Strength Steel. In
Proceedings of the 19th International Colloquium on Mechanical Fatigue of Metals (ICMFM), Porto, Portugal, 5-7 September
2018; pp. 3540.

19. Wang, Y,; Wu, G.; Zhang, L.; Guo, Y.; Wang, C.; Li, L.; Xiong, X. Microstructure evolution and mechanical properties of a cast and
heat-treated Al-Li-Cu-Mg alloy: Effect of cooling rate during casting. Mater. Sci. Eng. A 2023, 880, 145366. [CrossRef]

20. Zhang, X.D.; Chen, W.Z; Bao, G.; Zhao, L. Improvement of weld quality using a weaving beam in laser welding. J. Mater. Sci.
Technol. 2004, 20, 633—-636.

21.  Zhang, C.; Li, X.W,; Gao, M. Effects of circular oscillating beam on heat transfer and melt flow of laser melting pool. ]. Mater. Res.
Technol. 2020, 9, 9271-9282. [CrossRef]

22.  Smith, S.; Blackburn, J.; Gittos, M.; Bono, P.D.; Hilton, P. Welding of dissimilar metallic materials using a scanned laser beam.

In Proceedings of the ICALEO® 2013: 32nd International Congress on Laser Materials Processing, Laser Microprocessing and
Nanomanufacturing, Miami, FL, USA, 6-10 October 2013.

217



Coatings 2024, 14, 1065

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Xia, L.; Zhan, X.H.; Yu, H.S; Xia, P.Y,; Feng, X.S.; Wang, Z.D. Morphology and formation mechanism of equiaxed grains along the
fusion boundary in Al-Li alloy weld seam. Mater. Res. Express 2018, 5, 116523. [CrossRef]

Cui, G,; Yang, C. Formation and strengthening mechanism of equiaxial cellular grain zone in AA2195-T8 Al-Cu-Li alloy twin-wire
P-VPPA welded joint with Ti—Zr microalloying. Mat. Sci. Eng. A 2024, 896, 146278. [CrossRef]

Peng, S.S.; Zou, J.L.; Li, X.T.; Wu, Q.; Xiao, R.S. Fiber Laser High-Frequency Focus Rotation Spot Welding Process Based on
Thermal Conductivity. Chin. ]. Lasers-Zhongguo Jiguang 2018, 45, 1102011. [CrossRef]

Han, B.; Chen, Y.B.; Tao, W,; Lei, Z.L.; Li, H.; Guo, S.; Li, P. Nano-indentation investigation on the local softening of equiaxed zone
in 2060-T8/2099-T83 aluminum-lithium alloys T-joints welded by double-sided laser beam welding. J. Alloys Compd. 2018, 756,
145-162. [CrossRef]

Lei, X.; Nuam, V.L.; Yuan, Y.; Bai, Y.; Yao, W.; Wang, N. Investigation on laser beam remelted Al-Cu-Li alloy part II: Corrosion
behavior and mechanical properties. J. Alloys Compd. 2021, 873, 159765. [CrossRef]

Liu, H.B; Sun, Y.Y,; Xie, R.S.; Chen, Y.; Chen, S.J. Characterization of microstructure and local mechanical properties of friction
rolling additive manufactured Al-Li alloy under repeated thermal-mechanical cycles. Mater. Charact. 2023, 204, 113169. [CrossRef]
Jiang, T.; Zhang, M.; Dai, G.; Shen, Z.; Guo, Y.; Sun, Z.; Li, W. Microstructure evolution and mechanical properties of ultrafine-
grained Al-Li alloy fabricated via friction stir additive manufacturing. Mater. Charact. 2024, 209, 113760. [CrossRef]

Wang, X.; Liu, W.; Xu, G.; Zhu, J.; Hu, Q.; Du, B. Numerical analysis of dynamic coupling between the keyhole and molten pool
in the rotating laser welding process of aluminum alloy. Int. J. Adv. Manuf. Technol. 2022, 121, 5491-5502. [CrossRef]

Hosseini, S.A.; Abdollah-zadeh, A.; Naffakh-Moosavy, H.; Mehri, A. Elimination of hot cracking in the electron beam welding of
AA2024-T351 by controlling the welding speed and heat input. J. Manuf. Process. 2019, 46, 147-158. [CrossRef]

Wang, F; Liu, Z; Qiu, D.; Taylor, ].A.; Easton, M.A.; Zhang, M.-X. Revisiting the role of peritectics in grain refinement of Al alloys.
Acta Mater. 2013, 61, 360-370. [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.

218



E coatings MDPI|

Article
Evolutionary Mechanism of Solidification Behavior in the Melt
Pool During Disk Laser Cladding with 316L Alloy

Chang Li **, Jiabo Liu *, Shuchao Li, Fanhong Kong, Xuan Wang, Han Sun and Yichang Sun

School of Mechanical Engineering and Automation, University of Science and Technology Liaoning,
Anshan 114051, China; 18104227883@163.com (J.L.); libookchao@163.com (S.L.)

* Correspondence: lichang2323-23@163.com

 These authors contributed equally to this work.

Abstract: Laser cladding is an emerging environmentally friendly surface-strengthening technology.
During the cladding process, the changes in molten pool temperature and velocity directly affect
the solidification process and element distribution. The quantitative revelation of the directional
solidification mechanism in the molten pool during the cladding process is crucial for enhancing the
quality of the cladding layer. In this study, a multi-field coupling numerical model was developed to
simulate the coating process of 316L powder on 45 steel matrices using a disk laser. The instantaneous
evolution law of the temperature and flow fields was derived, providing input conditions for
simulating microstructure evolution in the molten pool’s paste zone. The behavior characteristics of
the molten pool were predicted through numerical simulation, and the microstructure evolution was
simulated using the phase field method. The phase field model reveals that dendrite formation in the
molten pool follows a sequence of plane crystal growth, cell crystal growth, and columnar crystal
growth. The dendrites can undergo splitting to form algal structures under conditions of higher
cooling rates and lower temperature gradients. The scanning speed of laser cladding (6 mm/s) has
minimal impact on dendrite growth; instead, convection within the molten pool primarily influences
dendrite growth and tilt and solute distribution.

Keywords: laser cladding; phase field modeling; solidification microstructure; microstructure evolution;
convection

1. Introduction

The laser cladding technique is a comprehensive surface-strengthening technology
that integrates various disciplines such as materials science, physics, chemistry, and optics.
By introducing external strengthening materials into the matrix and achieving a sound met-
allurgical bond through laser irradiation, its performance can be significantly enhanced [1].
Laser cladding technology presents significant advantages in terms of precision, efficiency,
and minimal heat-affected zone, rendering it highly promising for applications in parts
remanufacturing, surface repair, and surface strengthening. Coaxial powder feeding is a
widely employed technique in laser cladding processes, as shown in Figure 1. The protec-
tive gas is conveyed to the molten pool during the cladding process through the flow of
metal powder, wherein the metal powder rapidly melts and combines with the matrix to
generate a cladding layer exhibiting excellent performance [2,3].

During the laser cladding process, the formation and development of the molten pool
play a crucial role in determining the final quality of the cladding layer. A comprehensive
understanding of the evolution mechanism of molten pools is essential for predicting
their formation. The inner part of the molten pool consists of a combination of metal
powder and matrix material. Within a coaxial powder feeding system, not all metal
powders are fully melted into the melting pool; only those that fall within it actively
contribute to forming the cladding layer. Moreover, it is important to consider both
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energy absorption efficiency within the molten pool and energy absorption by the powder
flow itself. Simultaneously, variations in powder quantity influence momentum and
mass characteristics within the molten pool, thereby further impacting its convection and
solidification behavior. Numerical simulation is a highly effective approach for constructing
the mathematical model of molten pool evolution [4]. Currently, extensive research has
been conducted on numerical simulation of molten pools. Kovalev [5] investigated the
impact of powder outlet geometry and substrate distance on powder flux, temperature,
and molten pool size. Lei [6] observed that the shape of the melt pool and collective heat-
affected zone during NiCrBSi powder cladding on Ti6Al4V substrates was semi-elliptical.
C. Li[7] developed a thermal-elastic—plastic flow multi-field coupling cladding model that
considered laser light shielding by powder and energy absorption.

<+——— Reflector

Laser >

Protective gas——»>

Dendrite growth

Workbench

Figure 1. Schematic diagram of the laser cladding principle.

The performance of the cladding layer is determined by its microstructure. Therefore,
it is crucial to analyze the microstructure of the cladding layer during laser cladding opti-
mization. A comprehensive understanding of coating material performance and stability
can be achieved by investigating microscopic characteristics such as grain size, grain bound-
ary distribution, and crystal structure in the cladding layer. This profound analysis and
optimization provide theoretical guidance for obtaining exceptional properties in cladding
layers that meet specific requirements across various application fields, thereby promoting
widespread adoption and advancement of laser cladding technology. The dendritic crystal
structure is the most prevalent form observed during the process of supercooling solidifica-
tion, and these intricate crystal structures exert significant influences on the mechanical and
material properties of the cladding layer. The microstructure in the solidification process
can be studied through three primary approaches: deterministic, stochastic, and phase field
methods. The deterministic method is a simulation approach for the continuous nucleation
model proposed by Oldfield [8]. The instantaneous nucleation model proposed by Hunt [9]
considers a specific moment, a given nucleation density, and a growth rate. Randomness
methods primarily encompass the Monte Carlo (MC) method [10,11] and the Cellular
Automaton (CA) method [12]. The interface model employed in this method is a sharp
interface model, which comprises the thermal diffusion equations for both solid and liquid
phases. It is crucial to clearly define the boundary condition coupling at the solid-liquid
interface while considering factors such as interface mobility, curvature, and heat flux. This
aspect poses significant challenges. The phase-field method circumvents these issues by
incorporating an ordered parameter ¢ (representing the physical state property of each
location in the simulated system) into the model. In general, i = 0 signifies the liquid
phase state, while 1 = 1 indicates the solid phase state. The entire microstructure can be
continuously represented by the sequence parameter ¢, which is bounded between 0 and 1.
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In the phase field method, the solid-liquid state is represented by a constant value,
while the interface corresponds to the region of order parameter variation. Consequently,
the energy term describing interface motion is expressed as a function of Ay. By minimizing
the system’s free energy and considering the thermodynamic gradient of global thermal
effects, both ¢ (order parameter) and its gradient function are employed to describe the
overall free energy during solidification. The state of the phase in any region is described
by the order parameter 1, which serves as the phase indicator. The parameters and
state variables in the phase field method are dependent on this indicator and change
solidification. Consequently, the evolution of the phase field can be effectively captured
through an energy functional. Notably, there is no longer a need to trace the position of the
interface; instead, it can be calculated using the phase field parameters.

The solidification process drives the system towards a low-energy equilibrium state
by facilitating the evolution of microstructure, thereby minimizing the free energy of the
system. The phase field equation framework couples the thermal and concentration field
equations to calculate the microscopic characteristics of the structure, employing a physi-
cally driven energy minimization method [13]. This approach considers the contributions of
chemical potential, thermal field, and concentration field to the overall free energy system,
enabling calculations of dendrite shape, alloy segregation, and solute capture in the paste
region. However, this method relies on phase gradient Ay, enthalpy gradient AT, and
solute concentration Ac [14,15], necessitating accurate deduction of a multivariable well
potential function. By incorporating only Ay as an interfacial motion determinant while
adding heat transfer and diffusion equations for solute fields into consideration, significant
simplification can be achieved.

Langer [16] and Calginalp [17] formulated the initial phase field equation based on
solidification dynamics, subsequently enhancing the phase field model to incorporate
anisotropy effects. Kobayashi [18] conducted simulations of two-dimensional dendritic
growth with varying degrees of anisotropy using the Ginzburg-Landau free energy po-
tential. Wheeler [19], employing principles of thermodynamic consistency and entropy
functional theory, simulated the isothermal solidification phase field model for binary
alloys. Karma [20] developed a solidification phase field model for dilute binary alloys,
introducing the concept of absolute trapping phases while eliminating non-equilibrium
effects arising from interface thickness. Beckermann [21], by investigating the phase field
model from columnar to equiaxial, successfully developed a multi-scale model that inte-
grates finite element and random analysis techniques for simulating the microstructure
evolution of niobium-based superalloys during the solidification process in laser additive
manufacturing. They conducted a comprehensive investigation into the mechanism of
dendrite nucleation and growth, the phenomenon of niobium (Nb) segregation, and the
formation process of leaf phase particles. Li [22] proposed a multi-field coupling model
of the molten pool, revealing that 95% of the cladding layer in the molten pool exhibited
columnar dendrite morphology. Qin [23] conducted simulations on the microstructure
evolution of thin iron binary alloy within the molten pool, demonstrating that columnar
dendrites grew from the bottom of the molten pool following the temperature gradient.

The laser cladding manufacturing process significantly differs from the directional
casting solidification process (DS). In DS, heat transfer is unidirectional, with temperature
gradients occurring solely in the vertical direction. However, due to the intricate geometry
of the paste region and the presence of mobile heat sources, laser cladding exhibits local
temperature gradients and convective boundary conditions that actively promote dendrite
growth. The convection of melt during the solidification of pure metal into shear flow
was simplified by Tonhardt [24]. A corresponding phase field model was established to
simulate the dendrite growth process under shear flow conditions, and the influence of
convection on the growth morphology of dendrites was investigated. Based on Karma'’s
phase field model, Beckermann and Tong [25] proposed a comprehensive phase field model
that incorporates the flow field, enabling simulation of the impact of parameters such as
flow velocity and direction on both the advancing velocity and morphological selection of
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dendrite tips under forced convection. Therefore, the morphology of dendrite growth is
contingent upon the temperature gradient and convection within the solidification pool.
To accurately predict microstructure evolution, it is imperative to consider the influence of
mobile heat sources and convection in the molten pool. The governing equation F(y, T, c)
for binary alloy also incorporates a coupled convection term. Most of the above studies
use a single perspective to consider the influence of various factors on microstructures.
The combination of macroscopical and mesoscopic is rarely used for systematic analysis.
During the cladding process, the dendrite growth morphology is not only dependent on
the temperature gradient and convection in the solidification pool but also influenced by
the heat source moving speed. To accurately predict the evolution of microscopic structures.
It is necessary to analyze the convection effect in the molten pool and consider the influence
of moving heat sources on the solidification process of the molten pool. In this paper, the
heat source moving velocity term and convection term were coupled, respectively, in the
governing equation of the binary alloy. The dynamic evolution of microstructure in the
laser cladding process is revealed more comprehensively.

In this study, a multi-field coupling numerical model for the process of coating 316L
powder with a disc laser on a 45-steel matrix was established. The analysis and calculation
of predicting the microstructure development in the cladding layer are compared with
the experimental results. The microstructure evolution under moving heat sources and
different convection directions was investigated. By employing a solidification model,
predictions were made for the spacing and orientation of primary dendrite arms as well
as secondary dendrite arms. The dendrite evolution and solute enrichment, induced by
the flow field, can be observed through the coupling of the solute field equation. It is
of paramount importance to conduct an in-depth investigation into the microstructure
evolution of the cladding layer.

2. Experimental Configurations

The growth trend of microstructure in phase field simulation is confirmed through
laser cladding experiments conducted in this study. A disk laser model, TruDisk 4000,
operating at a power of 1600 W and with an optical fiber minimum diameter of 200 um,
emitting a wavelength of 1030 nm, was employed for the experimental setup. The cladding
material utilized was 316L powder. The present study focuses on the analysis of a monorail
cladding specimen. Figure 2a shows a monorail cladding specimen with a cladding layer
length of approximately 20 mm. To facilitate microstructure observation, the component
is divided into two sections: the longitudinal section (shown in Figure 2b) for scanning
direction microstructure examination and the cross-section (shown in Figure 2b) for top,
middle, and bottom molten pool microstructure observation.

(@) (b)

Figure 2. Laser cladding test specimen and cladding diagram. (a) Monorail cladding specimen.

(b) Monorail cladding diagram.

3. Modeling of Laser Cladding Process

The molten pool model was established in this section to obtain a three-dimensional
estimation of the molten pool, paste zone size, and temperature distribution within the
molten pool. As shown in Figure 1, laser cladding employs a coaxial powder feeding
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technique, wherein the powder is evenly distributed around the laser beam to form multiple
circumferential beams. Additionally, a protective gas (argon) is supplied to the cladding
head. The formation of a monorail laser cladding pool was described using fundamental
physical assumptions and model formulas.

The underlying assumptions are as follows:

The fluid within the molten pool exhibits incompressible Newtonian behavior;
Laminar flow characterizes the movement of molten metal within the pool;

Powder addition to the substrate follows a Gaussian distribution pattern;

The absorption and reflection of laser energy by powder exhibit a linear relationship
with the amount delivered.

Ll

3.1. Governing Equation

The model data can serve as the initial data and boundary conditions for solidifica-
tion analysis, thereby establishing the prerequisites for melt pool simulation to enhance
model feasibility. In this study, the molten pool model is simulated and predicted using
a combination of the finite element method and finite volume method. Additionally, a
coupled analysis of the temperature field and flow field is performed to accurately deter-
mine the size and temperature gradient of the molten pool. In addition to an expanded
range of phase field equations, the numerical calculation of the phase field method becomes
challenging due to the necessity of incorporating a coupled solution for fluid flow.

By considering the conservation equations of mass, momentum, and energy in the
cladding process, we derive the governing equation for the temperature field (Fourier’s
law) as follows.

dAHT
ot

pCpaa—]; +0oCpuVT =V - (kVT) — — puAHT 1)
where p represents the density of the molten material, C, denotes the heat capacity at
constant pressure, T signifies the temperature during the cladding process, u indicates the
rate of molten flow, and k stands for thermal conductivity.

The latent heat of the melt is taken into consideration, where AHT represents the latent
enthalpy and is expressed as follows:

AHt = BrfL )

where f is latent heat. f] is the mass fraction of the fluid, and the expression is as follows:

0 T <Ts
fu=3 75 Ts<T<Tis (3)
1 T, <T

where Ts and T, are the solid-liquid temperatures of the melt.

The flow of molten material within the liquid pool is governed by fluid dynamics.
Under the assumed conditions, the continuity equation and Navier-Stokes momentum
equation are employed to describe the motion of the fluid.

%4V (o) =0 @
pB’t’ﬂu-V)u} ==V (pD) + V- [ (Va+ VuT) | + Dy ®)

where [ is the spatial unit matrix, p is the melt pressure, and y;, is the dynamic viscosity of
the melt.
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3.2. Boundary Conditions and Source Terms

During the cladding process, it is not always guaranteed that the powder can be fully
absorbed by the molten pool, thus necessitating consideration of surface growth in terms
of powder absorption rate [26].

2V 2((x = Vet)? + 92
Vy = fﬂj; exp | — ( 5 ) z (6)
pfﬂRf Rf

where Vis the powder delivery velocity, 7y is the powder absorption rate, py is the powder
flow density, Rris the powder flow radius, Vs is the scanning velocity, and z is the unit
vector in this direction.

During the solidification process, the size of the melt pool is directly influenced by the
velocity of the molten material. As solidification progresses and temperature drops below
the liquid phase line, a significant decrease in melt speed occurs. Therefore, the inclusion
of an additional drag term in the momentum equation elucidates the observed decrease
in velocity:

Dy =—urKau ()

where y represents the temperature-dependent dynamic viscosity, and permeability can
be determined using the Kozeny—Carman equation.

. 2
Ky = Kv(lefB) (8)

The formula incorporates the momentum damping coefficient, K,, as a constant and B
as a minimum value. To prevent division by zero errors, it is essential to restrict the liquid
phase fraction f; within the range of 0 < f; < 1.

The static force balance of the liquid metal is disrupted by the uneven temperature
distribution in the melting pool, leading to fluid flow driven by the temperature gradient.
The gas-liquid interfaces between the molten pool surface and gas exhibit momentum
expression as described [27].

d
Fl/s = fsmcs — VTT];? (9)

where f; is the surface tension, # is the interface normal vector, and k; is the interface curvature.

The dominant forces governing the flow of molten metal in a molten pool include
gravity, buoyancy, and surface tension. By the Boussinesq approximation principle, the
expression for thermal buoyancy resulting from non-isothermal flow can be formulated as
follows [28]:

Fg = —pgBr(T — Tm) (10)

where Ty, is the melting temperature of the melt, g is the acceleration of gravity, and
9.8 (m-s~2) is taken.

The Marangoni effect is a phenomenon in which the surface tension of a liquid
undergoes flow in response to variations in temperature or concentration. The surface
tension of the molten pool decreases with increasing temperature, resulting in elevated
shear stress near the periphery of the molten pool, thereby inducing lateral expansion and
reduced depth of the molten pool [29]. Assuming a linear relationship between temperature
and the decrease in surface tension, 7} can be expressed as v, = yp0 — {(T — Tpr). However,
this formulation neglects the influence of solute elements present in the molten pool.
Therefore, considering thermodynamic principles, an expression accounting for solute
elements is proposed [30]:

AH,
Yo = Y0 —g(T— TM) — RgTTs ln[l—{—kLaiexp(RG;)} (11)
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where 7} is the surface tension of the melt at time T, { is the surface tension constant
of the temperature coefficient, R¢ is the common gas constant, and I's is the saturated
excess of the metal surface, the value of which is 1.3 x 107> mol-m~2. g; is the solute
element function under temperature gradient, k; is the segregation entropy correlation
constant, and the value is 3.18 x 1073. AHj is the standard heat of adsorption, with the
value 1.67 x 10*J-mol .

3.3. Model Parameters and Mesh Settings

The numerical model was solved using a multi-physics finite element computing
platform. A rectangular model of 20 mm x 10 mm x 5 mm was established. The model
used symmetric boundaries along the x—z plane. The whole mesh was divided by free
tetrahedral mesh. The maximum cell is 1.6 mm. The intermediate area was refined. The
maximum unit is 0.25 mm. The minimum unit is 0.004. The mesh partition contains
131,583 domain units, 5302 boundary units, and 252 side units. The geometric model and
meshing are shown in Figure 3. The laser cladding process parameters are shown in Table 1.

(a) (b)

Figure 3. Numerical simulation of process parameters. (a) Geometric model. (b) Meshing.

Table 1. Numerical simulation of process parameters.

Process Parameter Value
Laser power Py /(W) 1000
Spot radius r/(mm) 25
Scanning speed v, /(mm/s) 6
Powder feed velocity V/(g/min) 6
Powder flow radius Ry/(mm) 2.5
Ambient temperature T,,,; / (K) 298.15

3.4. Numerical Analysis and Experimental Verification

The laser cladding process involves non-equilibrium metallurgical solidification, char-
acterized by “hot and cold” conditions, with transient cladding. The physical property
parameters of both the powder and matrix exhibit significant fluctuations in response to
temperature variations. The CALPHAD method was employed to analyze the thermal
properties of both powder and matrix materials as a function of temperature and to sim-
ulate the cladding process. Utilizing a multi-physics coupling computing platform, we
establish the boundary conditions, source terms, and mesh division while incorporating
temperature change physical property parameters to solve the heat transfer equation,
continuity equation, and momentum equation.

The longitudinal cross-section of the predicted molten pool is shown in Figure 4a. The
transient molten pool is generated by a moving heat source, with the scanning direction
aligned with the X-axis and the surface growth direction of the cladding layer aligned with
the Z-axis. Laser scanning penetrates through the matrix to obtain a high-temperature
transient molten pool. The width of the laser-scanned molten pool is shown in Figure 4b.
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Figure 4. The morphology of the cladding layer was numerically simulated. (a) x-z cross-section
morphology of cladding layer. (b) Formation and morphology of the cladding layer.

Figure 5a shows the cladding temperature distribution cloud map at 0.3 s. The figure
shows that the maximum temperature of the molten pool reaches 2730 K, surpassing both
the melting temperature of the matrix and cladding powder. Consequently, a minute
molten pool initiates formation on the surface of the matrix. However, due to the brief
duration of laser irradiation, there is limited powder infiltration into the molten pool,
resulting in a relatively diminutive molten pool. Under continuous laser energy input, the
surface temperature of the matrix exhibits a rapid increase, leading to the accumulation
of heat within the matrix. Consequently, an expanding heat-affected zone is observed,
resulting in the complete formation of the melt pool at 1.0 s. The transition zone of cladding
preheating is observed between the melting and non-melting zones in Figure 5b, with an
elliptical molten pool forming near the spot’s center, where the maximum temperature
reaches 2932 K. Figure 5¢,d shows that the maximum cladding temperature of the cladding
process is about 2950 K. After laser scanning, the molten pool is cooled and solidified
instantly. Obviously, a raised cladding layer is formed behind the laser scanning path.

The laser cladding process induces thermal expansion in the irradiated area of the
matrix surface, while the unirradiated region restricts this expansion, leading to internal
stress within the matrix and subsequently impacting the quality of the cladding layer.
The stress distribution of the matrix at different times is shown in Figure 6. Figure 6a
presents a cloud map illustrating the stress distribution in the matrix at 0.3 s. Currently, the
heat-affected area is limited, and the maximum matrix stress reaches 277 MPa. Figure 6b
shows the cloud image of matrix stress distribution at 1.0 s, revealing that stress levels are
low in the center of the spot while circularly distributed stresses dominate its front region,
with this area exhibiting maximum stress values. Figure 6¢c shows the cloud image of
matrix stress distribution at 2.0 s, demonstrating an expanding range of stress distribution
as laser movement progresses; a long strip-shaped zone of high stress emerges behind laser
scanning, reaching up to 294 MPa in terms of matrix stress levels. Figure 6d shows the
stress distribution cloud map at 3.0 s. At this time, the stress range of the front end of the
spot becomes smaller. The stress region after laser scanning is distributed in a “long strip”
shape. The maximum matrix stress is 303 MPa.

Figure 7 shows the cloud diagram of flow field distribution in the molten pool during
laser cladding. At the beginning (0.3 s), the flow field in the molten pool was not completely
formed, and a small circulation could be seen, and the maximum velocity was 0.23 m/s, as
shown in Figure 7a. The formation of Marangoni convection in the melt pool was evident
at 1s, during which time the flow field reached its complete development with a maximum
velocity of 0.34 m/s, as shown in Figure 7b. Comparatively, the distribution of the flow
field within the molten pool remained essentially unchanged at both 2.0 s and 3.0 s, with
only slight variations in flow velocity observed, reaching a maximum value of 0.35 m/s, as
shown in Figure 7b—d. According to the numerical simulation results of the flow field, a
maximum velocity of 0.35 m/s was selected for analysis of its influence on dendrite growth,
with the simulated flow direction being from left to right.
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Figure 5. Temperature distribution cloud picture at different times. (a) Temperature distribution at

0.3 s. (b) Temperature distribution at 1.0 s. (c) Temperature distribution at 2.0 s. (d) Temperature
distribution at 3.0 s.
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Figure 6. Stress distribution cloud map at different times. (a) The stress distribution at 0.3 s. (b) The
stress distribution at 1.0 s. (c¢) The stress distribution at 2.0 s. (d) The stress distribution at 3.0 s.
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Figure 7. Flow field distribution cloud picture at different times. (a) Velocity distribution at 0.3 s.
(b) Velocity distribution at 1.0 s. (c) Velocity distribution at 2.0 s. (d) Velocity distribution at 3.0 s.

To ensure the accuracy of the input conditions for microstructure evolution in the
molten pool, a comparison was made between numerical results of macroscopic and
experimental observations of cladding layer morphology, as shown in Figure 8. The figure
illustrates the cladding layer, with W representing its width and H representing its height.
On the left, we present the numerical model calculation result, where the cladding profile
has a width of 5.851 mm and a height of 0.682 mm. On the right, we display the scanning
electron microscope observation result, which shows a cladding profile width of 5.838 mm
and a height of 0.675 mm. Comparative analysis reveals that the experimental results align
closely with the numerical simulation results, demonstrating high consistency in terms of
heat-affected zone dimensions with an error margin of only 0.22% for width and 1.09% for
height, thus validating the effectiveness of our numerical model.

Heat affedtec

400 pm EHT= 1500 kV Signal A= SE2 Date: 10 Apr 2023
WD = 18.6 mm Mag= 21X Time: 11:33:29

Figure 8. Comparison of cladding morphology and profile.
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4. Melt Solidification Simulation

The melt solidification simulation problem involves describing the growth of crystal-
lization in a molten state, originally based on the classical solid phase growth model derived
from diffusion theory. The most classical approach is based on the sharp interface model,
wherein accurate tracking of the solid-liquid interface motion is necessary to determine
changes in its position and shape. However, due to the intricate influence from all directions
on dendrite growth in the molten pool, this problem becomes particularly complex [31].
Therefore, a multi-scale method is employed to predict microstructure during dendrite
solidification from various directions. The phase field analysis of the supercooled paste
region is conducted independently without considering the high-temperature molten pool.
To better elucidate the microstructure of the solidification process in the molten pool, the
paste region is decomposed into two orthogonal cross-sections. The first section represents
the cross-sectional view of the molten pool (Figure 9a), which serves to depict the gradient
microstructure within. To address the issue of varying cross-sections, we assume that the
interface aligned with the scanning direction exhibits consistent solidification behavior.
The subsequent section represents a longitudinal view along the cladding direction (as
shown in Figure 9b), which effectively characterizes dendrite growth along the scanning
direction of the cladding layer.

3

(a) (b)

Figure 9. Boundary settings at orthogonal interfaces. (a) Cross sections of boundaries and simulation
domains. (b) Longitudinal cross-sections of the boundary and simulation domain (scanning direction).

When simulating the microstructure of the longitudinal section, we set the bottom
and left (distal) boundary to the solid-phase line temperature to simulate the boundary
conditions of the moving paste region. Meanwhile, due to the continuous release of latent
heat, the paste region remains hot.

According to the Ginzburg-Landau theory of free energy [32], within a closed system
V, the expression for free energy incorporates the influence of solute:

F= /{f(l[),c, T) + %EZ(VIIJ)Z + %5C(vc)2 dv (12)
1%

where f(¢, ¢, T) is the free energy density function, c is the solute concentration, T is the
temperature driving term, and ¢ and ¢ are the phase field gradient term and solute gradient
term, respectively.

In the phase field method, i is employed as a scalar quantity representing different
states for the solid phase, liquid phase, and interface. Within the phase field model, each
point’s state value ranges from 0 to 1, where ¥ = 1 denotes complete solidification and
1y = 0 represents complete melting. Building upon the interface relation of Gibbs-Tomson
theory, Boettinger et al. [33] established a geometric derivation of the isotropic phase field
equation by relating the interface normal velocity to temperature term, liquidus slope, and
interface curvature. The resulting equation can be expressed as follows:

1 al[J T v2¢+ l/J(Zl[J—l)(l—l[)) ))(1/7(1—1/1)) (13)
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where (j is the dynamic coefficient, T, is the equilibrium temperature, and ; is the liquid
phase equilibrium concentration of the binary alloy, ¢y is the initial average concentration
of the binary alloy, d is the thickness of the solid-liquid interface, I' is the Gibbs-Tomson
coefficient, and my is the liquidus slope of the alloy.

The Equation (13) is thus further refined to incorporate the linear correlation be-
tween the interface temperature and the binary phase composition as well as melting
temperature: m = (d1/2I') x (I, — Ts) x (1 — T + my(c; — ¢p)). The convergence of
the numerical model is enhanced by replacing the linear function with a bounded func-
tion: m = (a/m)arctan{y[Tys — T + my(c; — cp)]}, where a and <y are constants, and mL rep-
resents the liquidus slope. In this simulation, molten 316L is considered a binary solution,
with Fe acting as the solvent and Ni as the solute. The concentration of the aggregated
second-phase precipitation is assumed to deviate no more than 14% from the composition
of the initial equilibrium concentration solution.

The original equation describing the phase field variables was derived from the
minimum energy functional of ¢. For most metallic materials, the surface energy and
kinetic coefficients of the solid-liquid interface depend on crystal orientation. Due to the
significant impact of anisotropy on crystal growth and dendrite morphology, it is imperative
to modify the anisotropy within the phase field model. Building upon the models proposed
by Kobayashi [18], Boettinger [14], Wheeler [19], and Zaeem et al. [13]’s approach, this
study refines the anisotropic formula for solidified alloy materials. In a two-dimensional
model, the diffusion coefficient can be expressed as a function of the growth direction to
encompass all members of the opposite sex: 6 is defined as arctan((dy/dy)/(dy/9x)), where
e =&0(0) and &(1 + dcos(j(6 — 6p))). In this equation, & represents the anisotropic gradient
energy coefficient at the interface, § denotes the intensity of anisotropy, and j signifies the
modulus of anisotropy (symmetry order). The crystal structure of the material presented in
this paper is that of face-centered cubic (FCC), with a coordination number of 4. The initial
orientation 6 for each dendritic dendrite is determined either randomly or by established
principles. Consequently, the anisotropic modified phase field equation can be expressed
as follows:

2 ool
m%—lf:v- ((e :zg)vw>+¢(1¢)(¢;+m(T,c)) (14)

ee’

where 7 is the phase field fitting parameter, ¢’ = do(6)/d6.

The advancement of the interface in the phase field equation is contingent upon both
the temperature field equation and the solute diffusion equation of the binary solution.
Considering the volume control of the interface region in the diffusion phase, assuming
a time increment of At and a phase indicator increment of Ay in the phase field, pLAY
represents the amount of latent heat produced or consumed. Therefore, by discretizing it
in time, the rate of heat change can be expressed as pLdy/dt. Consequently, the enthalpy
variation in the binary system within At time is given by Ah = pC,AT — pLAY, where the
negative sign represents the transition of ¢ from liquid phase (i = 0) to solid phase (1 = 1)
during solidification. The equation governing heat transfer is as follows:

aT 5

Loy

(15)

where ar is the thermal diffusion coefficient (a1 = k1/pCp) and kr is the thermal conductivity.

The conservation equation was formulated by Karma and Boettinger et al. [11], incor-
porating the weighted value of the phase field equation for average concentration, resulting
in the derivation of the evolution equation for average concentration.

dc

5 =V- [¢DSVCS +(1- l[J)DLVCd (16)
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where Dg is the solid phase diffusivity, Dy, is the liquid phase diffusivity, and c is the
average concentration of the binary alloy solution. The solid phase of the solute concen-
tration for cs = kee/[(1 — ) + k], the concentration of the solute in the liquid phase for
c=c/[1—v¢)+ kfl,l]]

Considering the impact of rapid solidification through laser cladding, to address
the issue of non-equilibrium solute field distribution, the determination of the distri-
bution coefficient incorporates the influence of the solidification rate [34]. Therefore,
kf = (keg + v/ 0eq)/ (1 + v/ veq), where ke and v, represent equilibrium quantities, and the
actual solidification rate is v = (dy/9t)/ (V). The final simplified diffusion equation for a
binary alloy’s solute field can be expressed as follows:

(1 — kf)C
1+ (kf — 1)1/]

%:v.f)vk

3 Ve+

vy (17)

where Dy = Dg+ [(D1, — Ds)(1 — $)I/(1 + (ks — 1)),

The Equations (14), (16), and (17) are derived under the assumption of negligible
convective velocity in the moving heat source. Hence, to incorporate the scanning velocity
in the x direction into the longitudinal section (x-z) and modify the coupling equation of
(¥, T, c) [35], we present the following results:

a9 _ 9 <gg/alp) + 9 (ss'all}> +yp(1—y)(yp— % +m(T,c)) + Tovxg%lc] 18)

R ox oy ay ox
oT L oy 2 dT Loy 9y
o 2C, ot MY T g T g, ax 19)
R (1 —ky)e o

where vy follows the scanning direction of the cladding (consistent with V).

The dimensionality normalization in the above Equations (18)—(20) is as follows:
T = (Tactuar — Ts)/(Tr — Ts), I = lLactuar /1o, t = tactuar/ T, Ox = QactuarT/lo), where lp is the
characteristic length scale, T is the characteristic time scale lg /T, Tg is the characteristic
constant, and T7, and Ts are the liquid and solid phase temperatures, respectively.

During the laser cladding process, convection is also induced by temperature gradient,
concentration gradient, and surface tension in the molten pool. The flow of molten material
can impact solute distribution within the pool and influence microstructure growth. The
phase field equation of the microstructure [36] with the addition of the convection term is

as follows:
d 0 ,0 d ,0 1
0 af = Tox (88 alyp) oy (88 aﬁ) YA =¢)y -5 +m(Te) @b
oT _ 2 L oy
=+ (1—¢)oVT = arV>2T + 2C, at (22)
dc 1 711[] B —~ (1 —kf)C .
5 (st e v e g e v

where v is the velocity of forced convection in the simulation domain and the velocity
of the dimensionless liquid phase (i = 0). u is the kinematic viscosity of the fluid. The
term “jat” proposed by Karma et al. [20] represents the anti-solute retention phenomenon.
The introduction of the absolute trap term aims to prevent the discrepancy between the
diffusion velocity of the solute and the simulated interface moving velocity caused by the
dendrite growth rate in simulations.
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The detailed boundary conditions for the variables ¥, T, and c can be found in
Tables 2 and 3. Figure 9 shows that the dendrite growth nucleated seeds are distributed
along borders 4, 5, and 6 on the longitudinal cross-section. The cross-sectional nucleated
seed is defined at boundary 1. Additionally, Figure 10 presents the program flow chart of
the phase field simulation.

Table 2. Cross-sectional boundary conditions.

Boundary Conditions P T c
1 Zero flux 1602.26 K Zero flux
2 Zero flux 1737.26 K Zero flux

Table 3. Boundary conditions of the longitudinal section.

Boundary Conditions P T c
3 Zero flux 1602.26 K Zero flux
4 Zero flux 1737.26 K Zero flux
T linearly varying
5 Zero flux from 1602.26 K to Zero flux
1737.26 K
6 Zero flux 1737.26 K o
7 Zero flux 1737.26 K cr
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Figure 10. Flow chart of phase field simulation calculation and post-processing.

5. Analysis of Numerical Simulation Results

The finite element method was employed for numerical analysis. The feature length
was normalized to [y = 25 pm, and the mesh was generated using a free triangle mesh
approach with a maximum cell size of I,;,.¢;, /lp = 0.1. In the longitudinal section, there were
52,918 units, while in the transverse interface, there were 43,906 units.

The evolution of the crystal during solidification is shown in Figure 11. Initially,
the crystal exhibits a planar morphology that subsequently transforms into a cellular
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structure due to the influence of temperature and solute gradients. This cellular crystal
then undergoes rapid growth and develops directional branches, ultimately forming a
dendritic architecture. It is noteworthy that the longitudinal cross-section exhibits variations
in the initial temperature of crystal seeds at different boundaries, leading to divergent
microstructure growth processes along the three directions. Specifically, the lower section of
Figure 11a remains planar, while the left and upper sections tend to cellular crystallization.
In Figure 11b, the lower plane has started to transition into cellular crystals, whereas the
left and upper regions have displayed indications of lateral branching. This phenomenon
arises due to a significant temperature gradient in the left and upper areas, accelerating
crystal growth in these regions.
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Figure 11. Presents the simulation results of the microstructure growth process in a longitudinal
cross-section. (a) At the 200th time step, without accounting for the influence of scanning speed
(vy = 0); (b) at the 1000th time step; (c) at the 2500th time step; and (d) at the 4500th time step.

In Figure 11c, it is evident that the crystal tip bifurcates at the left boundary, giving
rise to a thick, filamentous structure resembling algae. The formation of seaweed-like
structures typically occurs under conditions characterized by a low-temperature gradient
and a high cooling rate. This is due to the instability of the solid-liquid propulsion interface,
which leads to the continuous division of dendrite tips and the subsequent development
of seaweed-like structures [37]. The formation of this algae-like structure is closely linked
to the rapid cooling characteristics during laser cladding. It should be noted that the
seaweed-like structure represents only one stage in the growth of dendritic structures. As
crystal growth continues, the tip of the split dendrite arm gradually diminishes while
secondary dendrite arms begin to grow, ultimately forming a complete dendritic structure,
as shown in Figure 11d.
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In Figure 12a, we investigate the motion of the laser heat source and observe dendrite
growth at the 45,000th time step. Compared with the previous Figure 11d, it is evident
that there are no significant alterations in dendrite orientation and tip velocity. This
can be attributed to the relatively low scanning speed employed during laser cladding,
which exerts minimal influence on the solidification process of the molten pool. However,
subtle disparities exist in the perpendicular and scanning directions of dendrite arms.
In Figure 12a, it is evident that the left secondary dendrites exhibit marginally higher
growth rates, while certain dendrites display a slightly greater abundance of left secondary
branches. Moreover, as shown in Figure 12b of the experimental results, it is evident that
the columnar crystals exhibit a predominantly perpendicular orientation to the molten
pool’s bottom and remain minimally influenced by natural convection. The figure also
shows the morphology of adjacent crystals, which transition from flat bases to cellular,
columnar, and equiaxed structures with increasing height.
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Figure 12. The effects of scanning speed on microstructure simulation and experimental results were

investigated. (a) vy = 0.028, corresponding to 4500-time steps. (b) Columnar crystal morphology was
observed at the bottom of the longitudinal section. (¢) Columnar crystal morphology was observed
at the top of the longitudinal section.

The dendrite morphology at the top of the scanning direction is shown in Figure 12c,
revealing specific observations. Firstly, the secondary dendrite arm of the columnar crys-
tal fractures at mark 1, resulting in an equiaxed crystal structure formation. Secondly,
markers 2 and 3 indicate interference between adjacent dendrites during growth, which
restricts the generation of secondary dendrite arms and consequently leads to fewer and
smaller dendrites observed within the dendrite gap region. The numerical simulation
results also validate this phenomenon, elucidating the influence of competitive growth
restriction that enhances the dendrite’s diameter structure and ultimately manifests as
equiaxed crystal morphology. The remarkable concurrence between experimental observa-
tions and numerical simulations strongly unveils the intricate microstructural evolution
during solidification.

The distribution of solutes in the dendrite structure is shown in Figure 13. Solute
segregation is prominently observed at the root of the dendrites while gradually diminish-
ing as dendrite growth progresses toward the tip. By comparing the solute field scanned
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by the laser heat source (Figure 13b), it is evident that the scanning speed exerts an influ-
ence, resulting in a slight increase in the content of solute elements between the dendrites
and enrichment of solute along the scanning direction. Based on the phase field profiles
shown in Figures 11 and 12, it is evident that within the supercooled region, there exists a
pronounced inclination of columnar crystals to grow perpendicular to the interface. The
presence of similar dendrite structures can also be observed in cross-sections with higher
undercooling, as shown in Figure 14. The orientation of dendrites undergoes changes
during their growth and approach towards the melt region, or liquidus. The tempera-
ture distribution is predominantly influenced by the magnitude of latent heat released at
the interface.

L L 1 L 0 -6 B : ‘ : :

5 10 15 20 0 5 10 15 20

Figure 13. Solute field in longitudinal cross-section at vy = 0 and v, = 0.028 at 45,000 steps. (a) vy =0
(b) v, = 0.028.
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Figure 14. Microstructure of molten pool in cross-section.

The boundary conditions for applying a fixed velocity are shown in Figure 15a. To
mitigate the competition between neighboring crystals during columnar crystal growth, it
is necessary to increase the spacing between initial crystals. At a dimensionless velocity of
v ~ 2.00 (equivalent to an actual velocity of 350 mm/s), the growth of cylindrical crystals
induces a discernible deflection toward the approaching side, as shown in Figure 15b. In
the convective temperature field, the flow effectively washes the oncoming side, facilitating
rapid dissipation of latent heat released during solidification. Simultaneously, a portion
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of the heat is transported from the oncoming side to the downstream side, resulting in
elevated temperatures at the dendrite arm’s downstream region, which hinders diffusion.
Consequently, there is an accelerated advancement of the solid-liquid boundary toward
the oncoming side and a corresponding inclination of dendrites toward this direction.
Additionally, the growth rate of secondary dendrite arms is observed to be higher on the
oncoming side. In the convective solute field, as shown in Figure 15¢, a distinct disparity can
be observed between the number and length of secondary dendrite arms on the upstream
side compared to those on the downstream side. Within the solute field, the concentration
of solute elements is evident in the roots of secondary dendrites [38]. Notably, when
contrasted with the downstream side, thinner solute films are present on the upstream
side, accompanied by a larger concentration gradient at the solid-liquid interface front and
faster growth of dendrite arms.

T T T
a [(b) ]
(@) (b ]
6k b 0
- . 5.5F i
5k i
-o.
4.5F E
£ 4t i
351 E -0.4
 — E— sr .
2.5+ E
B -0.6
- I 2
1.5F 1
1k g -0.8
0.5F E
ok i
| 1 1
-2 0 2 4 6

1A 0.15

ey
L (151}
d 4114
145

-
[

0 2 :
Figure 15. The dendrite morphology of convection flow was considered. (a) Schematic diagram of

the calculated region model; (b) temperature field applied against the flow; (c) solute field applied
against the flow.

In 2021, Peng et al. [39] used the phase field method to simulate dendrite morphology
and solute distribution of Ni-Cu alloy under different unidirectional and mixed convection.
The results show that convection has a great influence on dendrite morphology and solute
distribution. Convective action causes the dendrites to tilt towards the onstream side,
and the secondary dendrite arm tip grows faster on the onstream side. The concentration
of solute elements can be seen in the roots of secondary dendrites in the solute field.
The growth rate of dendrite arms on the onstream side is faster. In the above study,
the numerical simulation of the flow-down dendrite solute field morphology is highly
consistent with the results obtained in this paper, which verifies the validity of the model.

6. Conclusions

(1) In this study, a macroscopic multi-field coupling model for laser cladding was
established. A phase field model was proposed to describe dendrite growth during solidifi-
cation and to describe dendrite orientation and solute distribution during contrastive flow.
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Quantization reveals the transient evolution of the macroscopic physical field. Among
them, the peak temperature field is 2950 K. The peak stress field is 303 Mpa. The peak
velocity of the flow field is 0.35 m/s. The input conditions are provided to simulate the
microstructure evolution of the paste zone in the molten pool.

(2) The microstructural evolution during the solidification process was predicted.
The phase field method was successfully used to reveal the evolution process of crystal
microstructure under temperature and solute gradients. The process consists of the trans-
formation of plane-cell crystal, algal structure, and columnar crystal. Accurately predicted
the microscopic features of the partial loss of dendritic structure and local fracture caused
by competitive growth, as well as the changes in solute distribution.

(3) The influence of heat source scanning speed and convection on solidification
microstructure was analyzed. The transverse section of the melt pool at 45,000 steps with
different scanning speeds of vy = 0 and vy = 0.028 was compared. The quantitative analysis
revealed the dendrite morphology under the non-dimensional flow velocity v ~ 2.00 (actual
speed 350 mm/s). This study showed that the scanning speed of the moving heat source
has a negligible effect on the dendrite growth and orientation in laser cladding. However,
the internal temperature gradient and surface tension-induced convection are the main
factors affecting the dendrite growth, orientation, and solute distribution.
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Abstract: The solidification of alloys is a key physical phenomenon in advanced material-processing
techniques including, but not limited to, casting and welding. Mastering and controlling the so-
lidification process and the way in which microstructure evolution occurs constitute the key to
obtaining excellent material properties. The microstructure of a solidified liquid metal is dominated
by dendrites. The growth process of these dendrites is extremely sensitive to temperature changes,
and even a small change in temperature can significantly affect the growth rate of the dendrite tip.
Dendrite remelting is inevitable when the temperature exceeds the critical threshold. In this study, a
temperature-induced-dendrite remelting model was established, which was implemented through
the coupling of the phase field method (PFM) and finite difference method (FDM). The transient
evolution law of dendrite remelting was revealed by simulating dendritic growth and remelting
processes. The phase field model showed that the lateral dendrites melt first, the main dendrites
melt later, and the main dendrites only shrink but do not melt when the lateral dendrites have not
completely melted or the root is not broken. The long lateral branches break into fragments, while
the short lateral branches shrink back into the main dendrites. The main dendrites fracture and melt
in multiple stages due to inhomogeneity.

Keywords: dendrite growth; phase field method; finite difference method; remelting

1. Introduction

Solidification is a ubiquitous physical phenomenon observed in nature. During the
processing of metallic materials—encompassing techniques such as casting, additive manu-
facturing, and welding—multiple solidification events typically occur, and it is common
for a material to undergo one or more solidification processes [1-3]. Solidified molten
metal liquid will form dendritic crystals [4]. The growth processes of these dendrites are
exceedingly sensitive to temperature changes; even minor changes in temperature affect
the growth rate of the tip of the dendrite significantly. A slight increase in temperature
results in a deceleration of dendrite tip growth, whereas a slight decrease in temperature
accelerates the tip growth rate. When the temperature rises beyond a critical threshold, the
phenomenon of dendrite remelting becomes inevitable [5]. The dendrite remelting process
is usually accompanied by the dynamic evolution of dendrite morphology, including the
morphological reconstruction of the lateral and main dendrite arms, volume contraction,
and local melting nonuniformity. This phenomenon exemplifies the intricate interplay of
thermodynamic and kinetic behaviors during crystal growth and phase transformation
processes. While dendrite remelting exerts a significant influence on alloy solidification
structures, the majority of studies to date remain concentrated on macroscopic simula-
tions and experimental microstructural characterization, with numerical modeling of this
phenomenon being relatively underexplored.

Dendrite remelting is predominantly governed by two principal driving factors: solute-
induced and temperature-induced mechanisms. Neng Ren et al. [6] successfully simulated
dendritic growth and remelting under solute-induced conditions by employing a coupled
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Cellular Automaton (CA) and Finite Volume Method (FVM). Their model takes into ac-
count critical conditions for mechanical fragmentation, alongside dendrite melting and
fragmentation induced by convective flow and solute segregation. Peng Xialin et al. [7]
employed a coupled phase field method (PFM) and finite difference method (FDM) to
simulate and analyze dendritic growth and remelting under solute-induced conditions.
Furthermore, this model accounted for the influence of lateral convection and linear flow ve-
locity on the dendrite-remelting process. Previous research predominantly concentrated on
solute-induced mechanisms as the primary driving factor, whereas numerical simulations
exploring temperature-induced mechanisms remain relatively limited.

The phase field method (PFM) represents a computational method for accurately
capturing phase transition interface dynamics throughout the solidification process [8]. At
the macroscopic scale, phase transition problems such as solid-state phase transition and
droplet phase fusion can be described by using a partial differential equation introduced
into the interface [9]. At the microscopic scale, the physical state of the system phase in
time and space over the growth domain Q) is described through the ordering parameter
Y(r,t). In dendritic phase field models, the solid phase is typically assigned a ¢ =1, the
liquid phase is assigned a ¢ = 0, and the interfacial region is represented by 0 < ¢ <
1 [10]. The PFM is based on the Ginzburg-Landau theory and describes the combined
effects of ordering, interfacial diffusion, and thermodynamic driving through differential
equations [11,12]. The PFM is also known as a direct simulation method that can track
the solid-liquid interface and directly simulate the internal structure of dendrite growth,
dendrite morphology, and other microstructures. The phase field method can perfectly
solve the complex solid-liquid interface tracking problem, and it can also be coupled
with the temperature field and solute field to enable quantitative studies on the growth
and evolution of microstructures during metal solidification [13-15]. The finite difference
method (FDM) is a commonly used numerical analysis method [16]. The core principle of
the FDM involves discretizing the definition domain of a problem into a computational grid
and subsequently applying suitable numerical differentiation formulas at the grid nodes to
approximate the differential terms, thereby converting the continuous differential equations
into the difference equations in discrete form. This process establishes a difference scheme,
which is subsequently solved to derive the numerical solution of the original problem.

This study presents a novel temperature-induced dendrite-remelting model. The
model was implemented by coupling the phase field method (PFM) with the finite differ-
ence method (FDM). The dendritic evolution process, encompassing both dendrite growth
and remelting, was simulated, and the transient evolution law of dendrite remelting was
revealed. These findings are of great significance for controlling the microstructure and
mechanical properties of processed materials.

In summary, a temperature-induced-dendrite-remelting model is established in this
paper. The model was implemented via the coupling of the phase field method (PF) and
the finite difference method (FDM). The dendrite evolution process, including dendrite
growth and dendrite remelting, was successfully simulated, and the transient evolution
law of dendrite remelting is revealed herein, constituting findings of great significance for
controlling the microstructure and mechanical properties of machined materials.

2. Phase Field Model
2.1. Establishment of Remelting Phase Field Model

Dendrite remelting is a phenomenon in which a dendrite originally in a stable growth
state under the condition of an elevated ambient temperature undergoes a phase transition
due to a change of temperature field. This results in the migration of its solid-liquid
interface toward increasing the volume of the liquid phase, which triggers the localized or
overall melting of the crystal [17]. To effectively describe the remelting process of dendrites,
this study employs the non-isothermal phase field model, as derived by Kobayashi [18],
Boettinger [19], and Zaeem [20]. In order to ensure the accuracy and stability of the
numerical simulation, the following assumptions were made during the simulation of the
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regrowth of remelted dendrites: (1) the driving force of temperature undercooling during
the regrowth of remelted dendrites remained unchanged; (2) the regrowth of adjacent
dendrites was restricted by the boundaries on both sides; and (3) the latent heat during
dendrite regrowth remained constant. The governing equations for the phase field and
temperature field in this model are presented as follows:

5% [R(50%) - 3(50%) - (@ow)

~ 1
+3p(-p)[p- 1+ m(T)]
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where 7. and ¢, are the interfacial parameters of the phase field, and (9) is the anisotropy
of each of the solid-liquid interfaces (¢(f) is a function of 8, as given by Equation (3) [21].
M(T) is the interface driving term in the phase field equation, where M > 0 for the solidi-
tied state and M < 0 for the melted state, and Tj;, is the equilibrium temperature during
solidification. ar is the thermal diffusion coefficient of the metal, C, is the constant pres-
sure heat capacity, Ly, is the latent heat, and T is the dimensionless temperature, wher
eT = (T—Ts)/ (T — Ts) [22]:

e(0) =en(0) =€(1+ dcos(ks(6 —6p))) 3)
_ Ve _ 99/ 9y
0= m = arCtan(E)q)/&x) 4)
o
M(T) = (ﬁ)arctan(U(Tﬂp —-T)) 5)
3k
&t = ;0 = E (6)

In the actual solidification process, the solid-liquid interface can be randomly undu-
lated due to solute diffusion, heat flow, and other reasons [23,24]. In order to simulate
such random interfacial fluctuations and make the dendrite growth more realistic, random
perturbations were added to the phase field equations:

al/J al/J / #x

- = = +1 7

o g T e (y)ar )
where ¢/(y) is the derivative of g(y)= $>(1 — )2, a* is the perturbation intensity factor
(which is time-dependent), and r* is a random number between —1 and +1. To ensure that
the perturbation occurs at the interface, the effect of the noise term exists only in the range
where 0 <y <0.5.

2.2. The Establishment of Geometric Model and the Determination of Boundary Conditions

The finite element computing platform was used to solve the numerical model in this
study. According to the characteristics of the dendrite growth, taking into account the
cost of the calculation, this section establishes a rectangular model, as shown in Figure 1.
Figure 1a depicts the geometrical modeling of the competitive dendrite growth process,
and overall mesh delineation was performed by using free triangles. The model contains
9040 cells and 260 boundary cells, with a minimum cell mass is 0.6885.
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Figure 1. Modeling of dendrite remelting. (a) Dendrite-remelting model meshing. (b) Nucleation
positions and boundary conditions for dendrite-remelting setups.

To ensure adequate spacing between crystal nuclei in the initial distribution, providing
sufficient room for the growth of secondary dendrite arms, crystal nucleus positions were
predefined at the base of the simulation domain. In solving the control equations of the
phase field model, it was assumed that the crystal nucleus positions were influenced solely
by growth kinetics, free from external interference. Consequently, zero-flux boundary
conditions were imposed at the boundaries of the simulation domain, ensuring that both
mass and energy transport were zero and preventing external factors from influencing the
crystal growth process. This ensured that the simulation results more faithfully represent
the actual dendritic growth mechanisms during the remelting process. The predefined
crystal nucleus positions and boundary conditions are shown in Figure 1b.

3. Analysis of Dendrite-Remelting Simulation Results
3.1. Dendrite Remelting Process

Figure 2 shows the stable growth states of the dendrites prior to the rise in environ-
mental temperature. As shown in Figure 2a, under the influence of the interface anisotropy,
the crystal nucleus shows obvious main dendrite growth in both horizontal and vertical
directions, showing the typical preferred orientation characteristics in the dendrite growth
process. As shown in Figure 2b, due to the small distance between crystal nuclei in the
simulation domain, the main dendrites of adjacent dendrites in the horizontal direction
are limited by the competitive behavior of adjacent crystals, resulting in their growth
inhibition. However, in the vertical direction, the main dendrites can fully grow along this
direction due to the small influence of space limitation, thus exhibiting an obvious growth
morphology extending along the vertical direction.
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Figure 2. The normal growth process of dendrites within 3000A¢: (a) dendrite morphology at 1000At;
(b) dendrite morphology at 3000At.

After the evolution process reaches 3000Af, the ambient temperature around the
dendrites increases, which causes the dendrites to melt, as shown in Figure 3. As shown in
Figure 3a, it can be seen that at the 3005At time step, parts of the lateral dendrites begin to
melt, while the main dendrites show an obvious contraction trend. As shown in Figure 3b,
with the continuation of the melting process, the overall growth of the dendrites stops,
with some of the smaller lateral dendrites having completely melted, while the large lateral
dendrites significantly decrease in width and length. As shown in Figure 3¢, fracturing
occurs at the root position of the lateral dendrites that have not been completely melted at
3030At, and it can be seen that the main dendrite arm shows a significant contraction trend.
As shown in Figure 3d, most of the lateral dendrites are completely melted at 3040A¢, and
the main dendrite arms also show clear signs of melting. As shown in Figure 3, during the
remelting process, the main dendrite arms tend to shrink, and the stem width decreases.

10.6

10.4

0.2

(b)

Figure 3. Cont.
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Figure 3. The process of the melting of grown dendrites after 3000At: (a) dendrite morphology
at 3005At; (b) dendrite morphology at 3020At; (c) dendrite morphology at 3030At; (d) dendrite
morphology at 3040A¢.

3.2. Dendrite Remelting Mode in Lateral Dendrite Melting

As shown in Figure 3, during the remelting process, the main dendrite arms exhibit a
shrinking trend, and the stem width decreases. The melting behavior of lateral dendrites
can be categorized into two typical situations, as shown in Figures 4 and 5. The remelting
effect caused by temperature rise and the capillary extrusion effect caused by interface
curvature jointly act on the melting process of lateral dendrites. On the one hand, lateral
dendrites tend to melt as a whole to maintain the thermodynamic equilibrium at the liquid-
solid interface (L/S interface) [25]. On the other hand, the local interface energy difference
caused by the negative curvature effect leads to significant capillary extrusion at the root
of the lateral dendrites [26], which causes the lateral dendrites to break from the root. In
the dendrite remelting process, these two effects compete with each other, resulting in two
different melting behaviors of the lateral dendrites.

1 0.6

105

10.4

(b)

Figure 4. Cont.
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Figure 4. The phenomenon of lateral dendrites retracting into the main dendrite during the melting
process. (a) Dendrite morphology at 3000At. (b) Dendrite morphology at 3002A¢t. (c) Dendrite
morphology at 3006At. (d) Dendrite morphology at 3018At.

C/ ."

(©) (d)

Figure 5. Truncation phenomenon during retraction of melted lateral dendrites. (a) Dendrite
morphology at 3000At. (b) Dendrite morphology at 3000At. (c) Dendrite morphology at 3000At.
(d) Dendrite morphology at 3000A¢.
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As shown in Figure 4a—d, with the increase in ambient temperature, the stem morphol-
ogy of the lateral dendrites becomes obviously “squeezed”. The lateral dendrites melted
before the root fracture until they contracted back into the main dendrites, without forming
independent dendrite fragments. The second melting behavior is shown in Figure 5a—d.
When the lateral dendrites melt to a certain extent, their roots fracture before completely
shrinking back into the main dendrites and then form independent dendrite fragments.
At the same time, it can be observed that after the lateral dendrite root fractures, due to
the large surface free energy of the dendrite fragments during the melting process, their
morphology gradually tends to transition toward a state of minimizing the surface energy.
They finally present a nearly spherical melting morphology until completely melting. By
observing the whole process of dendrite melting, it can be seen that the longer lateral
dendrites show a more significant root fracture tendency, as shown in Figure 3a—d.

The difference between the two kinds of melting behavior reflects the complex compe-
tition between the local thermodynamic equilibrium and the capillary effect in the remelting
process. In the first case, the thermodynamic equilibrium at the liquid—solid interface (L/S
interface) is mainly maintained, and the lateral dendrites shrink from the root back into the
main dendrite arm. The second case mainly reflects the influence of capillary compression
at the root of the lateral dendrites caused by local interface energy differences caused by
the negative curvature effect on lateral dendrite fracture behavior.

3.3. Dendrite Remelting—The Main Dendrite Melting Mode

As the melting process continued, the main dendrites entered the melting stage after
the lateral dendrites fractured, as shown in Figure 6. It can be seen in Figure 6a that at
3050At, the main dendrites begin to melt rapidly, and their width and length decrease
significantly. As shown in Figure 6b, by the time the melting time step reaches 3070At,
the remaining collateral fragments have all melted into a liquid state. However, due to
the heterogeneity in the local dendritic structure and the variability in the melting and
fracturing behaviors of the lateral dendrites, the main dendrite fractures along the axial
direction and finally splits into several smaller dendrite fragments. As shown in Figure 6¢,d,
the main dendrite undergoes complete melting between 3070At and 3100At. At this stage,
the entire dendritic structure has reverted to its initial crystal nucleus state, signifying the
completion of the dendrite remelting process.

The dendrite melting process was comprehensively analyzed. As shown in Figures 4
and 6, the overall melting behavior of dendrites is manifested as the gradual melting and
fracturing of lateral dendrites, followed by the main dendrites entering the melting stage.
The main form of dendrite melting is distinguished by multi-segmented fracturing and
melting. This multi-stage fracture behavior may be due to the microstructural characteristics
of the main dendrites and the differences in the fracture processes of the lateral dendrites
during melting. The complex melting behavior and structure evolution of dendrites during
temperature rise has thus been revealed. Theoretical basis and data support have been
provided to foster further understanding of the melting mechanism of dendrites under
high-temperature conditions.

The above melting process is highly consistent with the experimental observation
results obtained by Virkeshwar Kumar [27], indicating that that the numerical simula-
tion presented in this paper can accurately reflect the morphological evolution and mi-
crostructure changes of dendrites during the remelting process. Thus, the reliability of the
model-derived results has been verified.
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(d)

Figure 6. Melting of the primary dendrite arm after the melting of the secondary dendrite arm.
(a) Dendrite morphology at 3050At. (b) Dendrite morphology at 3050At. (c) Dendrite morphology at
3050At. (d) Dendrite morphology at 3050At.

4. Conclusions

1.

Based on the phase field method, a dendrite growth model was established and solved
using the finite difference method (FDM), which provided the initial conditions for the
solution of the dendrite remelting model. The results show that under the influence of
interfacial anisotropy, the crystal nuclei exhibit obvious main dendrite growth in both
horizontal and vertical directions, showing the characteristic of a preferred orientation
in the process of dendrite growth.

Based on the solution data derived from the phase field method and dendrite growth
model, a temperature-induced dendrite remelting model was established and solved.
The results show that the dendrite remelting process follows a certain sequence,
wherein the lateral branches melt the main dendrite first and then melt. When the
lateral branches are not completely melted or the root is not broken, the main dendrite
stem will shrink to a certain extent but not melt. The melting process of lateral
branches consists of the contraction of lateral branches back into the main dendrites
and the fracturing of the lateral branches of the main dendrites. The melting process
of main dendrites takes the form of multi-stage melting due to the inhomogeneity
of the crystal structure and the difference in the melting-induced fracturing of the
lateral branches.
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Abstract: Laser cladding has unique technical advantages, such as precise heat input control, excellent
coating properties, and local selective cladding for complex shape parts, which is a vital branch of
surface engineering. During the laser cladding process, the parts are subjected to extreme thermal
gradients, leading to the formation of micro-defects such as cracks, pores, and segregation. These
defects compromise the serviceability of the components. Ultrasonic vibration can produce thermal,
mechanical, cavitation, and acoustic flow effects in the melt pool, which can comprehensively affect
the formation and evolution for the microstructure of the melt pool and reduce the microscopic
defects of the cladding layer. In this paper, the coupling model of temperature and flow field for
the laser cladding of 45 steel 316L was established. The transient evolution laws of temperature and
flow field under ultrasonic vibration were revealed from a macroscopic point of view. Based on
the phase field method, a numerical model of dendrite growth during laser cladding solidification
under ultrasonic vibration was established. The mechanism of the effect of ultrasonic vibration on the
solidification dendrite growth during laser cladding was revealed on a mesoscopic scale. Based on
the microstructure evolution model of the paste region in the scanning direction of the cladding pool,
the effects of a static flow field and acoustic flow on dendrite growth were investigated. The results
show that the melt flow changes the heat and mass transfer behaviors at the solidification interface,
concurrently changing the dendrites” growth morphology. The acoustic streaming effect increases
the flow velocity of the melt pool, which increases the tilt angle of the dendrites to the flow-on side
and promotes the growth of secondary dendrite arms on the flow-on side. It improves the solute
distribution in the melt pool and reduces elemental segregation.

Keywords: laser cladding; supersonic vibration; acoustic streaming effect; poly dendrite growth;
flow field boundary

1. Introduction

Laser cladding is an emerging surface repair technology which adds high-performance
materials to the substrate surface [1,2]. With the thermal effect generated by the high-energy-
density laser beam, the added material and the substrate material are rapidly melted to
achieve metallurgical bonding between the two. Laser cladding can significantly improve
the substrate surface properties, including hardness, wear resistance, high temperature sta-
bility, and corrosion resistance. Coaxial powder feeding laser cladding has the advantages
of unlimited forming size, high flexibility, wide material selectivity, and easy automation.
In this paper, the coaxial powder feeding laser cladding method was used in the study, and
the schematic is shown in Figure 1.

During the laser cladding process, there are extremely hot and cold characteristics,
and a high energy density produces rapid temperature change rates. Micro-defects such as
cracks, pores, and tissue segregation are produced, which affect the serviceability of the
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parts [3,4]. To further improve the defects and properties for the laser cladding layer, ultra-
sonic vibration-assisted laser cladding has become the focus of current research. Ultrasonic
vibration can produce thermal, mechanical, cavitation, and acoustic flow effects in the melt
pool, which comprehensively affect the formation and evolution of the microstructure and
reduce the microscopic defects of the cladding layer [5-8]. Introducing ultrasonic vibration
into the laser cladding process has important research significance and application value
for improving the cladding layer quality and optimizing its performance.

(b)

Figure 1. Coaxial laser cladding: (a) physical drawings for laser cladding and (b) schematic of laser
cladding process.

Zhuang et al. [9] prepared a 316L cladding layer on a Q345 steel substrate surface and
investigated the effect of ultrasonic vibration on the organization of the 316L cladding layer.
The results showed that ultrasonic vibration can improve the macroforming quality of the
cladding layer and can also significantly refine the cladding layer grain. The average grain
size of the cladding layer was reduced by about 42% under the optimum parameters. Song
H et al. [10] prepared laser-melted iron-based crystalline/amorphous composite cladding
layers with and without ultrasonic vibration. The effect of ultrasonic vibration on the
organization evolution of the cladding layer was observed by scanning electron microscopy.
The results showed that the amorphous phase content of the fused cladding layer with
ultrasonic vibration was increased, the growth of columnar crystals at the interface was
suppressed, and the transformation of columnar crystals to equiaxed crystals was promoted
along with the refinement of grains. Ma et al. [11] prepared yttria-stabilized zirconia-fused
cladding layers on titanium alloy substrates using ultrasonic vibration-assisted laser cladding.
The organization of the cladding layer was characterized by scanning electron microscopy.
The results showed that ultrasonic vibration could improve the wettability of the cladding
layer with the substrate. It reduces the grain size and makes the band structure in the
fused cladding layer broken and dispersed. Geng et al. [12] used a phase field model of
microstructure evolution in the solidification process of the laser cladding melt pool. The
growth process of dendrites at the bottom of the cladding layer of an aluminum-—copper
alloy was simulated in the arc welding additive manufacturing process. It was found that
the growth process of dendrites consists of a linear growth stage, a competitive growth stage,
and a stabilization stage. Wu et al. [13] used a phase field model of microstructure evolution
in the solidification process of a laser additive manufacturing melt pool. The solidification
process of dendrites in additively manufactured Ti-6Al-4V alloys was simulated. It was found
that the larger the temperature gradient, scanning velocity, and cooling rate, the smaller the
dendrite spacing and the faster the dendrite growth rate. The simulated dendrite morphology
and dendrite spacing are in good agreement with the experimental results. Zhang et al. [14]
used the phase field model of microstructure evolution during the solidification process
in a molten pool. The organizational evolution of the selective laser melting of titanium
alloys was investigated. It was found that the dendrites grew along the direction of heat flow.
Microsegregation can be observed during the formation of dendrites. The solute enrichment
phenomenon exists near the dendrite tip and between the dendrite arms. The temperature
gradient and scanning velocity are inversely related to the main dendrite spacing. Sun
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et al. [15] conducted a two-dimensional coupling simulation of the macroscopic temperature
field and the microscopic tissue growth at the bottom of the melt pool during the laser
cladding of pure nickel coaxial powder feed. The phase field method was used to calculate
the coupling of the phase field and temperature field in the microscopic region, and the
microstructure morphology was obtained. The results showed that the growth direction
of the microstructure at the bottom of the melt pool is from the bottom to the top of the
melt pool, which is slightly biased towards the laser scanning direction and the competition
between the microstructures, which is basically parallel to the direction of heat flow. Li
et al. [16] studied the influence of ultrasonic vibration on the fluidity and microstructure
for aluminum alloys. The results showed that a sufficient intensity of ultrasonic vibration
would cause melt turbulence and destroy the growth of «-Al dendrites, thus achieving the
purpose of improving the fluidity. Lian et al. synthesized a Nb-C-reinforced phase in situ
on a Ni substrate by ultrasonic vibration-assisted laser cladding and found that ultrasonic
vibration could significantly reduce the grain size of the coating without changing the coating
phase composition, thus making the coating microstructure finer and more uniform [17].
Lv et al. conducted an experimental analysis on the IN178/WC composite coating with
applied ultrasonic vibration. The study showed that the effect of ultrasonic vibration could
promote the uniform distribution of WC particles without changing the phase composition,
thus improving the microhardness friction and wear properties for the coating [18].

Most of the current studies on ultrasonic-assisted laser cladding tend to use experi-
mental analysis and macroscopic numerical simulations, which cannot directly reveal the
dendrite evolution law of the laser cladding solidification process assisted by ultrasonic
vibration. Also, it is difficult to quantify the mechanism of ultrasonic vibration assistance
on the laser cladding process. In this paper, the mechanism of ultrasonic vibration on the
laser cladding process was analyzed from a mesoscopic perspective for melt pool solidifi-
cation. The effect of ultrasonic vibration and acoustic streaming on the microstructure of
the melt pool was directly revealed. A theoretical foundation for optimizing the ultrasonic
vibration-assisted laser cladding process was established.

2. Materials and Methodology
2.1. Material Parameterization for Laser Cladding

In this paper, 45 steel was selected as the substrate and 316L powder was selected
as the cladding material. In the paper, the thermodynamic simulation software JMatPro
7.0, which is based on the calculated phase diagram method (CALPHAD), was first used
to calculate the temperature change physical property parameters of the 45 steel and
316L powder materials. The elemental compositions of the 45 steel and 316L powder are
listed in Tables 1 and 2. Fully considering the influence of material physical properties by
temperature change is crucial. The temperature change physical property parameter curves
for 45 steel and 316L are shown in Figure 2. A 3D numerical model for the laser cladding
process was established, and the growth boundary of the solidified microstructure was
obtained. The influence of laser scanning velocity parameters on dendrite growth was
studied, and the microstructure mechanism of laser scanning velocity and the influence of
different scanning velocities on the laser cladding pool were further revealed.

Table 1. Elemental composition of 45 steel (wt%).

Elemental C Si Mn Cr Ni Cu P S Fe

Quantity contained 0.45 0.27 0.65 0.02 0 0.01 0.016 0.007 Bal

Table 2. Elemental composition of 316L powder (wt%).

Elemental C Si Mn Cr Ni P S Mo Fe

Quantity contained 0.08 1.00 2.00 16~18 13 0.045 0.002 2~3 Bal
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Figure 2. Temperature change physical property parameter curves for 45 steel and 316L. (a) Young's
modulus for 45 steel and 316L; (b) Poisson’s ratio of 45 steel and 316L; (c) density of 45 steel and 316L;
(d) heat conductivity of 45 steel and 316L; (e) specific heat capacity of 45 steel and 316L; (f) coefficient
of thermal expansion for 45 steel and 316L.

2.2. Governing Equation for Laser Cladding

The cladding model was established to obtain the 3D model boundary morphology
for the melt pool, the size of the paste zone, and the flow velocity in the melt pool. As
shown in Figure 1b, the laser cladding powder feeding method adopts a coaxial powder
feeding system, in which the powder is distributed around the laser beam in a multi-beam
circumferential surrounding. The cladding head is provided with a protective gas (argon).
To save time and reduce computational difficulty, basic physical assumptions and model
formulas are used in this section to describe the formation of a monorail laser cladding
pool [19].

The basic assumptions in the model are as follows:

(1) The energy density of the laser heat source acting on the melt has a Gaussian distribution;
(2) The fluid in the melt pool is an incompressible Newtonian fluid;

(3) The melt metal flow in the melt pool is laminar;

(4) The impact caused by momentum when the powder enters the melt pool is ignored;
(5) The loss of heat dissipation caused by the high temperature of the melt is ignored;
(6) The process of powder addition to the substrate follows a Gaussian distribution;
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(7) The absorption and reflection of the laser energy of the powder are linearly related to
the amount of powder delivery.

The above assumptions were used as initial data and boundary conditions for solidifi-
cation analysis, making the model more feasible. In this paper, based on the finite element
method and finite volume method, a predictive cladding pool model is established. The
heat-flow coupling can clearly reveal the evolution process of the melt pool. At the same
time, the temperature field and the flow field are coupled to obtain the size and temperature
gradient for the melt pool.

Considering the conservation equations of mass, momentum, and energy in the
cladding process, the governing equation for the temperature field (Fourier’s law) is
obtained as follows [20-22]:

dAHT
ot

pCpa(.Tz +pCpuVT =V - (kVT) — — puAHt 1)
where p is the melt density, C, is the heat capacity at constant pressure, T is the temperature
of the cladding process, u is the melt flow velocity, and k is the thermal conductivity.
The latent heat of the melt is considered, where AHT7 is the latent enthalpy and the
equation is
AHt = BrfL )

where By is the latent heat, f; is the mass fraction of the fluid, and f; is the function to judge
the fluid, the equation of which is

0, T < Tg
fL= ITL%TTSS, Ts <T<Tp 3)
1, T, <T

where Ts and T} represent the melt solid and liquidus temperatures, respectively. When fy.
is 0, it represents the solid phase; when f; is 1, it represents the liquid phase.

The melt flow in a melt pool follows hydrodynamics. According to the assumed
conditions, the continuity equation and the Navier-Stokes momentum equation describing
the fluid motion are expressed as follows:

%JrV-(pu):O @
p{?;@ (u,v)u} ==V (pD)+ V- [p(Vu+VaT) |+ Dy ®)

where [ is the spatial unit substrate, p is the melt pressure, and y; is the dynamic viscosity
of the melt.

Melt flow is the main factor affecting the morphology of the melt pool. To better
understand the flow state inside the melt pool, the parameter Marangoni number (Ma
represents the ratio of thermal capillary force to viscous force) is selected for evaluation,
and the equation is as follows:

_ doy ATR,
4= dT KLXo

(6)

where R is the laser heat source radius, « is the thermal diffusion coefficient of the melt,
and do;/dT is the temperature gradient coefficient of the surface tension.

2.3. Ultrasonic Vibration Theory

Ultrasonic waves include sound waves with frequencies higher than 20 kHz and
vibration waves in objects, which comprise not only a wave mode but also a form of
energy transfer [23,24]. There are two main forms of ultrasound, namely power ultrasound
and detection ultrasound. In this paper, power ultrasound is selected, which is a kind of
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ultrasound with high intensity, and its energy can change the structure and properties of the
medium during the transfer process [25,26]. In an elastic medium, power ultrasound causes
periodic changes for sound pressure and stress in the medium [27,28]. With the vibration,
some of the energy is released in the form of internal energy, resulting in secondary
effects such as acoustic flow effects and cavitation effects in a solution and mechanical and
thermal effects in solids. Power ultrasound is used in a wide range of industries, including
ultrasonic rust removal, ultrasonic brazing, ultrasonic cutting, ultrasonic assisted-casting,
and other processes [29-32].

The introduction of ultrasonic vibration is to input an electrical signal through an
ultrasonic generator and transform the electrical signal into a mechanical vibration of
high-frequency particles through an ultrasonic transducer. This is then reinforced by an
amplitude transformer and transmitted to the substrate and metal melt pool [33]. What
actually affects the melt pool is the ultrasonic sound field. The ultrasonic vibration equa-
tion is

X; = Asin(wt + @) (7)
where X is the displacement of the vibration point of the horn, A is the ultrasonic am-
plitude, w is the angular frequency of particle vibration, and ¢ is the sinusoidal phase
angle.

Ultrasonic power and sound intensity are used to measure the energy intensity of
sound waves. Power is the total energy passing through a surface per unit of time and is
affected by attenuation. The sound intensity represents the energy concentrated in a unit
area per unit of time. For a melt pool subjected to ultrasonic vibration, the sound intensity
is expressed as follows:

1
Iy = Echoszz (8)

where cy is the ultrasonic propagation velocity in the melt and p;, is the medium density.
The sound pressure amplitude is

Py = /201 Inco 9

2.4. Acoustic Streaming Effect

When there is strong sound wave propagation in the medium solution, there is often
a non-periodic flow, which is called acoustic streaming. The phenomenon of acoustic
streaming was first discovered by experimental phenomena. Michael Faraday [34] studied
the air vibration phenomenon around an elastic plate under high-velocity vibration and
considered the relationship between the motion state of the surrounding air and the
vibration. Subsequently, in an experiment, Dvorak found that under a strong amplitude
vibration, a small average flow from the amplitude peak to trough would be generated near
the wall surface of the Kundt tube, and a backflow phenomenon would be formed in the
Kundt tube [1,35]. In the 1940s, Rayleigh [36] carried out theoretical analyses and research
on the strange flow phenomena observed in the experiment in plates and Kundt tubes for
the first time. In the process of solving the flow control equation, the influence of second-
order nonlinear terms on the flow was ignored, and the iterative approximation (successive
approximation) method was adopted to solve the control equation. By conducting in-
depth theoretical research on this phenomenon, Eckart [37] systematically analyzed the
first-order sound field and derived the equation of the force generated in the sound field.
The mechanism and properties of the acoustic streaming effect were theoretically described.
These theoretical methods provide an important theoretical basis for the follow-up study
of acoustic streaming problems.

According to the linear acoustics principle (Hooke’s Law), we can assume that an
acoustic disturbance of a sinusoidal waveform propagates through a medium [38,39]. In
the linear acoustic system, each particle in the medium vibrates sinusoidally according to
its initial phase. Therefore, at any point in the liquid medium, the average velocity in time
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is zero, meaning that small amplitude sound waves do not produce macroscopic acoustic
streaming in a linear medium.

However, in the acoustic field, if the initial state of the liquid medium is stationary,
sound flow can be generated during the propagation of the sound wave. Based on the law
of conservation of energy, the direction of sound flow must be accompanied by a change in
energy. Considering the energy change as the action of a force, it can be inferred that there
must be a force in the sound field with a non-zero time average in the At time interval. The
action of this force may lead to the displacement of the fluid element, which is manifested
as the acoustic streaming phenomenon on a macroscopic level.

By studying the propagation process of the first-order sound field, Eckart [37] deduced
the directional constant velocity flow caused by the attenuation of sound intensity in the
fluid medium, and its calculation equation is as follows:

N
Fi=—V(E)

S — p? ‘ - = (10)
c—pLTL‘I'PLUs'Us

5
where F; is the driving force acting on the direction of sound flow, VE, is the energy
density gradient in the sound field, p;, and ¢y, are the first-order terms of the density and

sound propagation velocities of the liquid medium, respectively, P; is the pressure, and v,
is the second-order term of the displacement velocity of any intermediate particle in the
sound field.

In the finite element calculation process, the driving force of acoustic flow is added to
the flow equation in the form of a volume force source term, and the calculation equation
is as follows [40]:

1 . 1, L ou L ou
Fy = SRe[p;wu] + 5p; (Re [uxax] +Re {uyayD (11)

where p} is the conjugate complex number of density perturbations, u is the velocity of the
particle in the flow field, and u, and u,, are the velocity components of the particle velocity
in the x and y directions, respectively.

When Eckart deduced the theory of acoustic streaming in the process of first-order
sound field propagation, the finite amplitude effect of sound vibration was not consid-
ered. CTaTHNKOB improved the calculation method of acoustic fluid force based on the
equations of viscous fluid dynamics. The equation is as follows [41]:

L

—_— 12
3 (1+Y)°¢ (12

m

where f is the nonlinear coefficient of the medium, w is the angular frequency of ultrasonic
vibration, I, is the amplitude of the vibration velocity of the contact end face of the horn,
Y = BMkx, M is the Mach number of the fluid, k is the wave number, and x is the distance
between the particle and the end face of the horn. According to the calculation results of
this equation, it can be concluded that the different positions of the ultrasonic vibration
source will cause different equal effects, even in the medium without viscous force. Due to
the absorption effect produced by the finite amplitude, the same effects will be produced.
Compared with Eckart’s acoustic streaming theory, the above equation can calculate the
acting volume force of acoustic streaming at different positions in the melt pool.

2.5. Phase Field-Controlling Equations

According to the phase field model of the free energy function, in the case of time
dependence, the total free energy must be guaranteed to be brief with time. The phase
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field equation for the solidified alloy and the governing equation for the solute field can be
deduced as follows [42]:

0 of (i, c,e)

T;f = My (—S%I,VZIIJ + of¥.ce) lel;lp ) (13)
d d
*ai =V <Mcc(1 - c)v<f (lg’cc’e) - s%v2c>) (14)

According to the principle of classical thermodynamics, the variational equation of F
in equilibrium must be satisfied.

(‘;i = g{b — ey V=0 (15)
O0F _of
éc  dc

When the energy gradient coefficient is constant, the constant in Equation (16) is the total
amount of solute in the space region (), that is, the concentration is a conserved constant.

The concentration ¢ of the binary alloy solution varies between c; and cs of the
two components. To solve the phase mobility and solute diffusion mobility in the phase

field chamber, the following equation can be given [43]:

S%VZC = constant (16)

My = (1—c)Mjy +cM} (17)
_ [1=p)]Ds + p(¥)Dy,
M, = RIT (18)

where A and B are the two pure components of the alloy solution, Dg and D are the
diffusion coefficients of the solid phase and the liquid phase, respectively, and R’ is the
gas constant.

Beckermann et al. [44] adopted the description of a regular solution to describe the
solute field and provided a better method. In a two-dimensional space, considering
the phase indicator equation ¥(r, t), whose interface is described as ¢, the geometry is
described as

o
n

T v L (v DT L

k=V-n=—— MY VIVYL
(V| " TVl Vil

where 7 is the normal direction on the 1 interface, k is the interface curvature, and v is the
interface normal velocity.
According to Equation (7), the condition of the solid-liquid interface can be obtained as
v ; oTi
— =Ty —T+mpep — —Mk (20)
Hi L;

where my, is the liquidus slope, Tj’v is the equilibrium temperature (i is A, B), ¢ is the surface
free energy, and L; is the latent heat.

The change in the phase field parameter i on the interface along the normal direction
can be expressed by the following equation:

1 n
According to Equation (21), it can be obtained that
_9 _yp(-y)
VY| =5 = T (22)
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VyV|Vy| _ Py _ p(1—¢)(1-2y) 23)

Vgl on? S
The relationship between the phase field parameter ¢ in the normal direction and the
interface thickness J,, is obtained by Equations (22) and (23). By bringing Equations (21)—(23)
into the interface equation, the phase field control equation can be obtained as follows:

10 1—9y)(1-2 1—
ﬁa—ltp =T Vzl/J— $ l/}(s)%i $) + (Tm — T+ mp(cr —co)) {l/}( o lp)} (24)

where i is the kinetic coefficient, Ty is the melting temperature of the alloy, J;, is the
interface thickness, I' is the Gibbs-Thomson coefficient, and m is the liquidus slope of the
alloy solution.
According to the heat transfer equation, the temperature field equation is
oT 25, LuwdP(y)
= - T4 ="
ar — VT C, ot

(25)

where a7 is the thermal diffusion coefficient, L, is the latent heat, and C, is the specific heat.
The law of solute diffusion is described by Fick’s law, and the conservation equation
for the solute field is derived by using the weighted value of the average concentration.

dc

= V- [(1=4)DrVer + ¢DsVeg| (26)

According to the mean concentration evolution equation, the liquid and solid concen-
tration can be expressed as the mean concentration.

ka o — C
A—9) +kep” " (L) +kppp

where kf [45] is the solute partition coefficient.

cs = (27)

2.6. Anisotropy of Interfacial Growth

During the solidification process, the interfacial energy at the solid-liquid interface has
anisotropy. The anisotropy is manifested as the preferred orientation of dendrite growth,
which is always in the direction of the least energy at the interface. Therefore, the interface
energy anisotropy has a very important influence on the dendrite morphology evolution
and the interface stability [1]. The anisotropy ¢ of the interface depends on the direction of
the normal vector outside the interface; the angle is expressed as

0= ﬂ = arctan(alp/ay> (28)

The anisotropic expression is

e==¢n(0) =¢€(1+dcos(ke(0—6p))) (29)

where € is the average value of the anisotropic gradient energy coefficient; J is the anisotropy
intensity, generally between 0.02 and 0.1; k; is the anisotropic modulus, generally 4 or 6
because the material simulated in this paper is FCC (face-centered cubic structure), k. = 4; 6
is the angle between the main dendrite arm and the interface normal vector; and 6 is the
initial angle defined when the dendrite begins to grow.
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2.7. Establishment of Quantitative Binary Alloy Phase Field Model

The phase field model for the binary alloy is derived according to Section 2.1, and the
interface growth anisotropy was added. Thus, the governing equation for the phase field
model of the binary alloy can be obtained as

wot =T (e3550) + 4 (cB3t) + V- (V)
%] (Tp — T+ mp(cp — o)) {4’(17;11])}

m

(30)

By inputting the interface growth anisotropy ¢ = €4(#) into Equation (30), we can
expand it to obtain

et = [ () + () + v 0rve)
-y

B _ (31)
—Pm9)Q-29) 72)5(21 2) 4 L (Tp— T +my(cp — o)) [7#](}5,,,#])}

Ranadip Acharya et al. [46] further modified Equation (31) to include the linear
relationship between the interface temperature and the phase composition and melting
temperature of the binary alloy, thus sorting out Equation (31).

L= R (1B + 2 (nFHE) + V- (PVY)]
zwzlP( ’#’)[EL’ 3+ (Tv - T+mL(CL_CO))}

(32)

In the process of numerical calculation, to improve the convergence of the phase field
equation, the linear function is replaced by a nonlinear bounded function as follows:

2 ~
m(T) = %(TM — T+mL(cL — Co)) = %arctan('y [1 - T+ ﬁlL(CL — CO):|) (33)

where T is dimensionless temperature, T=(Ty — T)/(Ty — Ts).
By t = t/1,] = 1 /]y means of dimensionless parameters, the phase field equation is
dimensionless and can be written in the following form:

Vkiér;%‘f = -2 (1% %)+ E(1FHE) + V- (PVe)]

+g%¢a—¢ﬂ¢—z+;ﬂdmfﬂ1‘T+ﬁ““‘%ﬂ”

(34)

By introducing phase field interface parameters €2, = 62,¢2/213, 7. = (13€2,) / (EwI'7),
the phase field equation can be expressed as

%= |-2(n% 35’) 2 (135E) + V- (V)] 5
+& w1 -)[p -5+ %arctan(v (1= T+ e —co)] )]
where g, is the gradient coefficient of interfacial anisotropy, 7. is the relaxation time
parameter (which is a fitting parameter), « and  are the interfacial coupling coefficients
(both of which are constant), 1}, is the dimensionless liquidus slope, c;, is the average
liquid phase concentration of secondary elements, and ¢y is the average concentration of
secondary elements.

Due to the effect of austenite on coating properties during the laser cladding of 316L
powder on 45 steel, the physical properties for the Fe-Ni binary solution were selected as
the input parameters of the phase field model.
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According to Equations (25) and (26), the governing equations for the temperature
field and solute field in the solidification process of the binary alloy can be obtained as

0T  _pm Lyoy
= =a1V T+C—p§ (36)
1—ks)c
gC—V-DwVCJr( ) vy 57)
t (1—¢+kf¢)

where Dy is the description of solute diffusion in the phase field variable, Dy = Ds + (D, —
D)1 — )/ (1 =9 + kap).

3. Selection for Microscopic Boundary
3.1. Temperature Field Boundary Selection

The properties and quality of the cladding layer are affected by the temperature
variation during the cladding process. The temperature distribution in the melt pool is an
important factor determining the microstructure of the solidification. Therefore, it is of great
significance to accurately grasp the temperature distribution of the cladding process for
the accuracy of the microstructure simulation. This section analyzes the transient changes
for temperature in the process of cladding and discusses the influence. The corresponding
temperature distribution is shown in Figure 3.
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Figure 3. Cloud image for temperature field distribution at different moments of laser cladding 316L
powder on 45 steel. (a) Temperature field distribution at 0.3 s; (b) temperature field distribution at
1.0 s; (c) temperature field distribution at 2.0 s; (d) temperature field distribution at 3.0 s.

According to the calculation method of phase diagram, the solid phase line tempera-
ture of 316L stainless steel and 45# carbon steel is 1602.26 K and 1656.15 K, respectively.
As shown in Figure 3a, when the cladding is carried out for 0.3 s, the peak temperature
of the cladding region reaches 2725 K, exceeding the melting point of the substrate and
the cladding material. At this stage, because of the short laser irradiation time, the melt
pool has not been completely formed. With continuous laser scanning, the melt pool tem-
perature continues to rise, and the heat exchange between the melt pool and the substrate
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causes heat accumulation in the melt pool. The width and depth of the melt pool gradually
increases. At 1.0 s, the melt pool is fully formed and the maximum temperature at this
moment rises to 2951 K, as shown in Figure 3b. As shown in Figure 3c,d, the temperature
distribution in the melt pool tends to be stable at 2.0 s and 3.0 s as the heat absorption and
diffusion after the melt pool is formed reach a state of equilibrium. The temperature in the
melt pool center is the highest and the temperature gradient is large, while the temperature
at the edge is relatively low and the temperature gradient is reduced. An obvious thermal
diffusion layer was formed between the melt pool and the substrate, and the temperature
distribution showed a unique “comet tail”.

To better simulate the microstructure evolution during the melt pool solidification
process, the temperature distribution at the moment of 2.0 s was selected as the boundary
condition for the simulation of dendrite growth behavior, as shown in Figure 3. Figure 4a
shows that the paste region position at the bottom of the longitudinal section of the melt
pool is selected as the boundary of the simulation. The temperature at mark 1 is still in
the melting state at about 2000 K, and the temperature at mark 2 fluctuates around 1700 K,
which is just in the position of the solid phase line and liquidus of the melt pool material.
The temperature of the outer boundary at mark 2 was selected as the simulated boundary
condition of the microstructure. As shown in Figure 4b, a cross-sectional temperature field
at a distance from the center of the melt pool is selected. At the same time, according to the
solid-liquidus temperature range of the cladding material, the temperature boundary at
the cross-section is selected to draw an “ellipse” shape by the black line in Figure 4.
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Figure 4. Temperature boundary selection in solidification microstructure simulation. (a) Tempera-
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ture field boundary selection for longitudinal section; (b) temperature field boundary selection for
cross-section.

3.2. Flow Field Boundary Extraction Under Silent Flow

Figure 5 shows the cloud image for the flow field distribution in the melt pool during
laser cladding. At 0.3 s, the flow field in the melt pool has not completely formed, and
a small circulation has formed. The maximum flow velocity is 0.23 m/s, as shown in
Figure 5a. At 1 s, an obvious Marangoni convection had formed in the melt pool, and the
flow field was completely formed and the maximum flow velocity is 0.34 m/s, as shown
in Figure 5b. Compared with the flow field distribution in the melt pool at 1 s, the flow
field distribution in the melt pool remained basically unchanged at 2.0 s and 3.0 s, and the
maximum flow velocity changed slightly to 0.35 m/s, as shown in Figure 5b—d.

To better select the flow velocity size and direction for the static flow field simulation,
the flow field distribution cloud image after stability at 2.0 s is selected, as shown in Figure 6.
As shown in Figure 6a, melt flow is affected by surface tension, and the flow direction
of the melt pool surface gradually spreads from the center of the spot to the periphery.
Therefore, the flow velocity on the melt pool surface is characterized by a small center and
a large edge. As shown in Figure 6b, there is an obvious Marangoni convection in the melt
pool. Because of the effect of surface tension, two circulation structures are formed in front
and behind the melt pool, and the circulation behind the melt pool is more significant. At
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the same time, the maximum flow velocity appears on the surface of the melt pool and is
0.35 m/s. According to the numerical simulation results of the flow field, when analyzing
the influence of melt pool flow velocity on dendrite growth, the flow velocity direction in
the simulation is from left to right.

(©) (d)

Figure 5. Velocity distribution cloud image at different times. (a) Velocity distribution at 0.3 s;
(b) velocity distribution at 1.0 s; (c) velocity distribution at 2.0 s; (d) velocity distribution at 3.0 s.

(a) (b)

Figure 6. Distribution cloud image for the flow field in the melt pool at 2.0 s. (a) Temperature
distribution on the surface of the melt pool; (b) temperature distribution inside the melt pool.

This section aims to deeply explore the evolution process of the microstructure in
the laser cladding pool. Based on the macroscopic 3D numerical results, the downstream
field simulation results at the time of 2.0 s are selected in this section. According to the
simulation results of the temperature field, the solidification zone is mainly located in the
back part of the melt pool. Therefore, the flow field data on the black scan line were adopted
in this simulation, which was set as the input boundary condition of the static flow rate.
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The direction of flow velocity flowing from the left side to the right side of the melt pool
was selected, as shown in Figure 7. According to the flow field results at the time of 2.0 s,
the static flow velocity can be obtained, as shown in Figure 8a. Dimensionless the actual
flow velocity, and the result is shown in Figure 8b. Because microstructure solidification
under actual flow is a complex process, the movement of dendrites under the action of
the flow field (such as translation, etc.) was ignored in this section’s numerical simulation,
including the breakage of dendrites caused by flow shear force and the influence of gravity.

Figure 7. The position of the flow field collection line at 2.0 s.
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Figure 8. Static flow velocity and dimensionless flow velocity. (a) Velocity of static flow field;
(b) dimensionless velocity of static flow field.

3.3. Flow Field Boundary Extraction Under Acoustic Flow

In this paper, acoustic flow action is introduced into the source term of the flow
equation in the form of volume force. The flow field distribution cloud image under the
action of ultrasonic acoustic flow was calculated, as shown in Figure 9. Figure 9 shows that
under the action of acoustic streaming generated by ultrasonic vibration, the fluidity of the
cladding process increases and the flow velocity on the surface and inside the melt pool
increases. At 2.0 s, the circulation in the latter part of the melt pool significantly increases,
which can promote the flow of solute elements during the solidification process, as shown
in Figure 9b.

The direction of flow from the left side of the melt pool to the right side of the flow
was selected, as shown in Figure 10. According to the flow field results at the time of 2.0 s,
the static flow velocity under the action of acoustic flow is obtained, as shown in Figure 11a.
Dimensionless the actual flow velocity, and the result is shown in Figure 11b. The acoustic
streaming effect increases the flow velocity inside the melt pool, improves the flow state
inside the melt pool, and promotes the flow of solute elements inside the melt pool to be
more uniform.
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Figure 9. Flow field distribution cloud image under action of ultrasonic flow. (a) Velocity distribution
at 0.3 s; (b) velocity distribution at 2.0 s.

Figure 10. The acoustic flow field acquisition line position at 2.0 s.
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Figure 11. Static flow velocity and dimensionless flow velocity under action of acoustic streaming.
(a) Velocity of sound flow field; (b) dimensionless velocity of acoustic flow field.

4. Results and Discussion
4.1. Dendrite Growth Behavior of Laser Cladding Without Flow Field

The finite element difference method is used to solve and analyze the numerical model.
The normalized scale of the feature length is 10 = 25 um, and the mesh is divided by a
free triangle mesh. The maximum cell size is Lo /10 = 0.1. The total number of units in
the longitudinal section is 52,918, and the total number of units in the transverse section
is 43,906. The phase field model parameters used in this paper are 7. = 0.0003, v = 10,
5=0.1,ar =548 x 1075, jt = 0.05, kr = 0.88, Dy = 4.8 x 10~° m?/s, Ds = 0.2 x 10712 m?/s,
T=13/«T, ar =1%/T=kT/(oCp), and &, = 0.01.

Figure 12 describes the microstructure evolution for the paste zone in the longitudinal
section of the melt pool during laser cladding. According to the temperature distribution
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boundary, crystal nuclei are set at boundaries 3, 4, and 5 on the longitudinal section. The
temperature distribution is higher at boundaries 6 and 7, and the solidification process will
not occur, as shown in Figure 12a. As shown in Figure 12b, the evolution process of the
interface morphology at the bottom of the paste region is from plane to cellular. Due to
the rapid heat dissipation to the outside of the joint at the bottom, the initial growth of the
crystal nucleus appears as a plane crystal. With the solidification process, the direction of
the temperature gradient in the melt pool is consistent with the preferred growth direction
of the crystal. The initial plane interface gradually becomes uneven, thus transforming into
cell growth. As shown in Figure 12¢, dendrite growth accelerates at a faster rate due to
the change in the crystal growth rate after plane interface instability compared to dendrite
growth at 10 to 1000 At times. At the same time, there is obvious competitive growth among
dendrites, and the winning crystal tip is obvious and the radius is larger; it continues to
grow along the direction of the temperature gradient, and its shape is transformed into
a columnar crystal. As shown in Figure 12d, at the time of 3500 At, the dendrites have
fully grown, the growth rate of dendrites decreases, and the dendrite trunk begins to
form secondary dendrite arms and tertiary dendrite arms. During the process of fierce
competition, the dendrites that failed to grow formed elongated columnar crystals and
elongated cellular crystals. It can be clearly seen at the left boundary that some dendrites
that fail to grow fuse in the competition process to form larger cellular crystals.
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Figure 12. Dendrite growth process on laser cladding longitudinal section. (a) Dendrite morphology
at 10 At; (b) dendrite morphology at 1000 At; (c) dendrite morphology at 2000 At; (d) dendrite
morphology at 3500 At.

The solute field morphology on the longitudinal section of the laser cladding pool is
shown in Figure 13. As shown in Figure 13a, at 1000 At, the dendrites can be observed to
have just begun to grow. At this time, the solute diffusion phenomenon at the dendrite
growth boundary just appeared, but the change in the overall solute distribution was
not obvious. With the solidification process, an obvious solute diffusion layer begins to
form near the solid-liquid interface of the dendrites. Figure 13b shows that the solute
field distribution on the longitudinal section of the melt pool is highly consistent with
the dendrite morphology simulated by the phase field method. This indicates that the
dynamic variation in the solute field is closely related to the morphological development
of dendrites during dendrite growth.
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(a) (b)

Figure 13. Solute field morphology on laser cladding longitudinal section. (a) Solute field morphology
at 1000 At; (b) solute field morphology at 3500 At.

4.2. Growth Behavior of Convective Dendrites Under Silent Flow

Figure 14a shows the effect of flow velocity in the melt pool on dendrite growth
at 2000 At. The effect of flow on dendrite growth is not significant because of the low
flow velocity in the melt pool. At the left boundary, dendrites grow in the same direction
as the velocity (i.e., parallel to the flow), resulting in a slight shortening of the primary
dendrite arm length of these dendrites, but the orientation remains the same. In contrast,
the dendrite growth direction at the top and bottom of the melt pool is perpendicular to
the velocity direction (i.e., shear flow), causing some of the primary dendrite arms to tilt
slightly towards the onstream direction. Some of the dendrite arms have formed small
protrusions on the onstream side.

(a) (b)

Figure 14. Dendrite morphology under static flow field. (a) Dendrite morphology at 2000 At;
(b) dendrite morphology at 3500 At.

As shown in Figure 14b, the top and bottom dendrites are about to come in contact at
3500 At; the dendrites are considered to be fully grown. At the left boundary, the dendrites
at position 3 are not disturbed by the growth of other dendrites in the vertical direction,
making it an ideal reference for analyzing the change in the growth rate of the last dendrite
arm in the parallel downstream direction. Under the condition with no flow, the distance
from the dendrite tip at position 3 to the left boundary is about 113.75 um. Under the
condition of parallel concurrent flow, the distance from the dendrite tip at position 3 to the
left boundary is about 103.15 um. Therefore, it can be seen that the parallel flow trend in
the process of inhibiting dendrite growth is mainly manifested in inhibiting the emergence
of secondary dendrite arms and the growth rate of primary dendrite arms. This is in
agreement with the conclusions of most researchers.

Under the action of the flow field, because the flow direction of shear flow flows
from left to right, the oncoming side is washed by the flow and the latent heat released by
solidification can quickly dissipate. At the same time, part of the heat is carried from the
oncoming side to the downstream side, resulting in an increase in the temperature of the
downstream side, which is not conducive to diffusion. The solid-liquid boundary advances
faster towards the oncoming side, and the growth rate of secondary dendrite arms on
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the oncoming side accelerates and the number of secondary dendrite arms increases. On
the contrary, the dendrite growth on the downstream side is inhibited and the dendrite
morphology is “almost smooth”. The simulation results show that at both the top and
bottom boundaries, dendrites that originally grew perpendicular to the boundary are now
tilted in the direction of the oncoming flow. Specifically, the dendrite tilt at the boundary
can be divided into three different cases. The first case shows the morphology of dendrites
1 and 1/, and this branching crystal is not disturbed by neighboring dendrites during
the growth process. Therefore, under the influence of shear flow, these dendrites tilt
towards the oncoming flow, but the tilt angle is relatively small. The second case shows
the morphology of dendrite 2 and dendrite 2. During the growth of this branch crystal,
due to the interference and limitation of the right dendrite, the tilt angle of this branch
crystal which originally tilted to the left increases under the action of shear flow, and the
tilt towards the oncoming flow is more significant. The third case shows the morphology
of dendrite 4 and dendrite 4’. Due to the interference and limitation of the left dendrite, the
branch crystal that originally tilted to the right is still tilted to the right under the action of
shear flow, but the tilt angle decreases.

Figure 15a shows the solute field distribution morphology at 3500 At under the
condition of pure diffusion. It can be seen that there is a uniform solute film at the interface
of primary dendrite arms and secondary dendrite arms, and the distribution of solute
elements has a good symmetry along the dendrite center. After the static flow field is
introduced, the solute elements in the solidification process can be washed by the flow,
and the distribution of the solute between the primary dendrite arms will spread along
the flow direction. At the left boundary, the solute layer film thickens, and the solute
concentration decreases at the dendrite tip parallel to the flow. At the top and bottom
boundaries, the concentration of solute elements on the dendrite side increases, the solute
gradient on the dendrite side increases, and the solute film becomes thinner. This promotes
the advancement of the solid-liquid interface and the formation of secondary dendrite
arms. However, the concentration of solute elements decreases, the solute layer films
significantly increase, and the dendrite growth is inhibited, as shown in Figure 15b.

0.16

0.14

(a) (b)

Figure 15. Solute distribution with and without flow field. (a) Morphology of solute field without
flow field; (b) solute field morphology in static flow field.

4.3. Growth Behavior of Convective Dendrites Under Acoustic Flow

Figure 16a shows the dendrite morphology under the action of acoustic streaming
at the time 2000 At. The dendrite growth at the left boundary is basically the same as
that at static flow velocity. Due to the effect of acoustic streaming, the flow velocity in the
melt pool is accelerated and more stable. The number of secondary dendrite arms on the
top and bottom side of the oncoming flow is increased, and the secondary dendrite arms
are more developed. Figure 16b shows that the distance from the dendrite tip to the left
boundary at position 3 in the static acoustic flow field is reduced to 98.25 um, indicating
that the inhibition effect of flow on dendrite growth velocity is enhanced with the increase
in parallel flow velocity.
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Figure 16. Dendrite morphology under static acoustic streaming field. (a) Dendrite morphology at
2000 At; (b) dendrite morphology at 3500 At.

The acoustic streaming effect of ultrasonic vibration enhances the fluidity and makes
the flow more uniform during the solidification process. It leads to an increase in the
temperature gradient and solute gradient on the dendrite onstream side, accelerates the
advancing velocity of the solid-liquid interface on the onstream side, and promotes the
formation and growth of secondary dendrite arms. Therefore, on the top and bottom
dendrite onstream sides, secondary dendrite arm growth is observed to be more significant.
The dendrite morphology of the downstream side is “smooth”. In the process of dendrite
growth under the static acoustic flow field, three different states of dendrite tilt at the top
and bottom boundaries are also observed. It can be seen that under the static acoustic
streaming field, the number of dendrites with inclined morphology 1 and 1’ significantly
increases, while the number of dendrites with inclined morphology 2 significantly decreases.
This is because the inclined angle of dendrite 1 increases and the growth of secondary
dendrite arms on the oncoming side is more developed, which limits the growth of tilted
dendrites on the left side. The dendrites with reduced shape 2 failed to grow. In addition,
the number of dendrites with inclined morphologies 4 and 4’ is also reduced because
the growth of these branches is affected by the restriction of the right dendrites and the
inhibition of parallel flow. As shown in Figure 17, the dendrite tilt angle under the flow
field is 2.27° and the dendrite tilt angle under the acoustic streaming field is 3.05°.

Figure 17. Dendrite tilt angle under the action of flow field. (a) Dendrite tilt angle under static flow
field; (b) dendrite tilt angle under static acoustic flow field.

To verify the validity of the numerical simulation results, laser cladding experiments
were carried out. The experiment selected a TruDisk4002 laser produced by TRUMPF,
Ditzingen, Germany. The laser power was 1600 W, the minimum fiber diameter was 0.2 mm,
and the laser wavelength was 1030 nm. The substrate material and powder of cladding
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were 45 steel and 316L, respectively. The specimen was cut lengthwise along the vertical
scanning direction and the section was polished and corroded with a 4% nitrate alcohol
solution. The metallographic experiment was carried out with an optical microscope to
observe the microstructure of the coating layer. Figure 18 shows that the secondary dendrite
arms of labeled columnar crystals 1, 2, and 3 grow significantly on the oncoming side,
while the wall of the main shaft arm on the downstream side presents a relatively “smooth”
feature. At the same time, the dendrites are inclined in the direction of the oncoming
flow. The comparison shows that the numerical simulation results are consistent with the
experimental results, which verifies the validity of the model.

Figure 18. Cladding layer microstructure.

The cladding layer produced by the laser cladding of 316L powder is mainly composed
of an austenite phase. The experimental results of Gao Jingxiang show that the 316L
laser cladding assisted by ultrasonic vibration does not change the phase structure but
significantly improves the performance of the cladding layer. Therefore, it can be concluded
that ultrasonic vibration has the effect of strengthening the austenite phase. Considering
that Fe and Ni are the main components of the austenite phase, the Ni element expands
the austenite and stabilizes the austenite structure. The strength of the austenitic phase is
determined by the dissolution and precipitation of Ni during the solidification of the Fe-Ni
alloy. Figure 19 shows the precipitation and distribution of Ni as a solute when dendrites
grow in the melt pool under the flow field and sound flow field. As shown in Figure 19a,
due to the small and uneven fluidity of the static flow field, the area near the dendrite root
on the oncoming side exhibits solute element enrichment and segregation. In Figure 19b,
under the action of acoustic streaming, the fluidity of the supercooled melt is enhanced,
the flow is more uniform, and the solute segregation between the dendrites is significantly
reduced. The decrease in Ni segregation indicates the increase in its solubility in an Fe
base, which enhances the strength of the austenite phase and provides the possibility for
obtaining a cladding coating with better performance.

0.2 0.2

(@) ' (b)

Figure 19. Solute segregation and enrichment under static and acoustic flow fields. (a) Solute
precipitation in flow field; (b) solute precipitation in acoustic flow field.
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5. Conclusions

(1) The numerical simulation results of coupling a static flow field and a sound flow field
show that melt flow changes the heat and mass transfer behavior at the solidification
interface and also changes the growth morphology of dendrites. The dendrite growth
is inhibited under parallel concurrent flow, and the dendrite at the original vertical
interface under shear flow inclines to the oncoming side. The dendrite tilt in the flow
field is as follows: influenced by convection, the dendrite tilts to the oncoming side,
and the tilt angle is small. Due to the influence of convection and the orientation of
oncoming dendrites (the dendrites that are inclined to the oncoming side due to com-
petitive growth), the dendrites are inclined to the oncoming side, and the inclination
angle is large. Influenced by convection and consequent dendrite orientation (the
dendrites that grow inclined to the consequent side due to competitive growth), the
dendrites grow inclined to the consequent side, and the inclination angle is large.

(2)  Acoustic flow increases the flow velocity of the melt pool, increases the dendrite tilt
angle to the onstream side, and promotes the growth of secondary dendrite arms
on the onstream side. At the same time, the melt flow is more uniform, the solute
distribution of dendrite growth is improved, and the enrichment and segregation of
secondary elements between dendrites are reduced.
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