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Abstract: The low hardness and poor wear resistance of laser-cladding 316L stainless steel impose
significant constraints on its practical applications. In this study, a strategy for strengthening laser-
cladding 316L stainless steel with WMoTaNDb refractory high-entropy alloy as a reinforcement material
is proposed. The results confirm that the coating primarily comprises a body-centered cubic (BCC)
Fe-based solid solution, a network-distributed hexagonal Fe;X (X = W, Mo, Ta, and Nb) Laves phase,
and a diffusely distributed face-centered cubic (FCC) (Ta, Nb)C phase. The Fe-based solid solution
distributes along columnar and fine dendrites, while the Laves phase and (Ta, Nb)C phase are in
the inter-dendrites. The presence of a significant number of network Laves phases exhibiting high
strength and hardness is the primary factor contributing to the enhancement of coating microhardness.
The hardness of the composite coating is increased by nearly twice compared to that of the 316L
coating, resulting in an improved wear resistance. The present work can shed light on designing and
fabricating 316L stainless steel coating with enhanced hardness and wear resistance.

Keywords: high-entropy alloy; Laves phase strengthening; additive manufacturing

1. Introduction

316L stainless steel is a workhorse material in modern industry due to its good me-
chanical properties [1-3], excellent corrosion resistance [4,5], and low cost. Therefore, it
is extensively employed as a corrosion-resistant coating material in various fields such
as marine engineering, aerospace engineering, nuclear engineering, and so on [6-8]. The
current methods for fabricating surface coatings include plasma spraying [9], magnetron
sputtering [10], and laser-cladding [11]. Among these methods, laser-cladding technology
as a kind of additive manufacturing has the advantages of good flexibility, good metal-
lurgical bonding, and a low dilution rate [12]. In practical applications, it can fabricate
uniform and dense high-performance alloy coatings that meet certain thickness require-
ments [13]. Many researchers are investigating the laser-cladding of 316L stainless steel
coatings [14,15]. Zhuang et al. [11] fabricated 316L coatings on 45 steel substrates by cou-
pling the laser-cladding and ultrasound. The application of ultrasonic assistance increased
the geometrically necessary dislocation density in the 316L coating, which promoted its
average hardness from 199.1 HV to 207.9 HV. Chen et al. [16] investigated the effect of
solution treatment on the wear resistance of laser-cladding 316L stainless steel. The carbide
particles formed during laser-cladding decompose and the elements subsequently dissolve
into the austenite matrix after the solution temperature (1050 °C), resulting in solid solution
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strengthening. The results indicate that the microhardness and wear resistance of the
coating increased after solution treatment. The average microhardness measures 240 HV 3.
However, the low hardness and poor wear resistance of 316L stainless steel restrict its
broader application [17,18].

To enhance the surface hardness and poor wear resistance, the addition of cemented
carbide to fabricate 316L stainless steel matrix composite coatings has proved to be an
efficient method [19-21]. Ho et al. [22] found that the TiC and NbC ceramic particles were
distributed at the grain boundaries of laser-cladding 316L stainless steel, which effectively
inhibited grain growth and refined the microstructure, enhancing the microhardness. Wang
et al. [23] prepared VC-Cr;C3; metal matrix composite (MMC) coatings on structural steel
substrates by premixing vanadium, carbon, and 316L stainless steel powders using laser-
cladding technology. The microhardness of the coatings was significantly increased from
207 HV; to 467.8 HV when the total content of V and C was increased to 14 wt.%. The
carbides, however, exhibit inadequate interfacial compatibility with the stainless steel
substrate compared to the metal matrix reinforcement materials, resulting in poor bonding.
Thus, it is necessary to explore novel reinforcement materials to enhance the bonding
behavior with 316L stainless steel.

In recent years, the emergence of high-entropy alloys (HEAs) has presented novel solu-
tions for the aforementioned issues. HEAs are novel alloys consisting of five or more major
elements with excellent properties, such as high hardness, excellent oxidation resistance,
and good high-temperature stability [24-26]. For example, the face-centered cubic (FCC)
structure of Cantor alloys (CoCrFeMnNi) [27], the body-centered cubic (BCC) structure of
TiZHfNbTa alloy [28], and other high-entropy alloy systems have been extensively investi-
gated [29-33]. Among the various HEA systems, WMoTaNb and WMoTaNDbV refractory
HEAs (RHEAs) developed by Senkov et al. [34,35] have attracted significant attention due
to their high hardness, high-temperature resistance, and wear resistance. Li et al. [36] fabri-
cated WMoTaNb RHEA coatings on Inconel 718 superalloy substrates using laser-cladding
coupled with ultrasound. With the introduction of the ultrasound, the microstructure of the
coating became uniformly distributed, and the average grain size decreased, resulting in
an increase in hardness from 753 HV 5 to 980 HV 5. Jiang et al. [37] fabricated defect-free
WMoTaNb RHEA coatings on 45 steel using a laser-cladding technique. Although the
substrate diluted the coating heavily, the surface hardness was 551 HV 5, much higher
than the substrate (~320 HV( ). As a result, the significant potential of RHEAs as a novel re-
inforcement material for enhancing the hardness and wear resistance of austenitic stainless
steel cannot be overlooked. It is anticipated that the RHEAs and 316L stainless steel can be
utilized to fabricate metal matrix composites featuring excellent metallurgical bonding and
superior comprehensive mechanical performance.

This work proposes a strategy for fabricating the WMoTaNb RHEAs/316L metallic
composite coatings by laser-cladding. The 316L exhibits excellent metallurgical bonding
compatibility with the Fe-based substrate, while simultaneously enhancing the mechanical
properties through the incorporation of RHEAs. The WMoTaNb/316L multi-component
metallic composite coating was fabricated, and its microstructure evolution was investi-
gated. The effect of WMoTaNb RHEA on the mechanical properties of composite coating
is further discussed. The present work is a valuable guide for exploring the feasibility of
utilizing RHEAs as reinforcement materials in stainless steel systems.

2. Experimental Procedures
2.1. Materials

The substrate for laser-cladding was a 45 steel plate with dimensions of 100 mm
x 100 mm x 15 mm. Before laser-cladding, the substrate surface was polished using
2000 mesh sandpaper followed by additional polishing and subsequently cleaned with
alcohol. The WMoTaNb HEAs and 316L stainless steel powders were supplied by Beijing
Yijin New Material Technology Co. (Beijing, China), the composition of which is listed in
Table 1. The mass ratio of WMoTaNDb refractory high-entropy alloy to 316L stainless steel
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mixed powders was 3:7, considering the combination of laser energy and the melting point
of the raw materials. The experiments were carried out using a coaxial powder-feeding laser
system (2000 W Laserline) under argon protection to prepare the laser-cladding samples.
The laser-cladding parameters were determined as follows: laser power of 1900 W, scanning
speed of 10 mm/s, spot diameter of 2.5 mm, and lap rate of 50%. The wear rate (W) was
calculated using the following equation:

V
W_L><D

1)

where V is the negative volume (mm?), D denotes the normal load (N), and L represents
the sliding distance (mm).

Table 1. Chemical composition of laser-cladding powders and 45 steel substrate (wt.%).

Elements w Mo Ta Nb Fe Cr Ni Si Mn C S P (@)

WMoTaNb  21.00 26.00 24.00 29.00 - - - - - - - - -
316L - 2.59 - - Bal. 16.56 10.75 0.31 0.68 0.015 0.005 0.012 0.07

Substrate - - - - Bal. 0.02 0.01 0.20 0.53 0.45 0.009 0.021 -

2.2. Microstructure Characterization

The laser-cladding samples were cut down by electrical discharge machining (EDM)
with wires perpendicular to the substrate, and the cross-sections of the sample underwent
mechanical polishing using sandpaper of various mesh sizes (400, 800, 1200, 1500, and
2000), followed by preliminary polishing with special sandpaper. Subsequently, a sequence
of diamond-suspended polishing liquids (3 pm, 1 pm, and 0.5 um) was used on a polish-
ing cloth attached to an automatic grinding and polishing machine to achieve a mirror
finish for scanning electron microscope (SEM) observation. The microstructure character-
izations were conducted using a SEM (JSM-7800F PRIME, JEOL Ltd., Tokyo, Japan) at a
voltage of 10 kV. The samples were mechanically polished and then thinned by an ion
beam (GATAN PIPS II 695, Gatan Inc., Pleasanton, CA, USA) for transmission electron
microscopy (TEM) observation. TEM (JEOL JEM-2100F, JEOL Ltd., Tokyo, Japan) equipped
with energy dispersive X-ray spectrometry (EDS Oxford Instruments X-Max 80T, Oxford
Instruments, Abingdon, UK) was used to characterize the phase structure of coatings
further at a voltage of 200 kV. The phase structure of 316L and WMoTaNb powders was
measured by high-energy synchrotron X-ray diffraction (5-XRD), which was conducted
at the beamline BLO3HB of the Shanghai Synchrotron Radiation Facility (SSRF), Shanghai
Advanced Research Institute, Chinese Academy of Sciences. The beam size of a high-energy
X-ray of wavelength 0.6199 A was 50 um x 50 um, and the energy was 20 keV. The phase
structure of the coatings was measured by S-XRD, which was conducted at the beamline
3W1 of the Beijing Synchrotron Radiation Facility (BSRF), Institute of High Energy Physics,
Chinese Academy of Sciences. The beam size of high-energy X-ray of wavelength 0.2061 A
was 139 um x 139 um, and the energy was 60 keV.

2.3. Microhardness and Wear Behavior Tests

The microhardness of the coating from the surface to the substrate was measured by a
digital Vickers microhardness tester (HVS-1000A, HST Group, Jinan, China), with a test
load of 300 g and an indentation time of 15 s. Each test site was spaced at an interval of
0.2 mm, and each datum was tested five times to obtain the average value and standard
error. Nanoindentation tests were performed on an Agilent Nano Indenter G200 (Agilent
Technologies, Santa Clara, CA, USA) with a Berkovich diamond tip at room temperature.
The nanoindentation hardness of the samples were characterized under a constant holding
load F of 10 mN with a constant loading rate of 1 mN/s. The position of the nanoindentation
experiment on the coating cross-section was selected and tested based on a 5 x 10 array.
Then, the indentation morphology was observed using a SEM and connected with the
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results of nanoindentation experiments one by one. The wear resistance was evaluated
using a linear reciprocating friction and wear tester (Bruker UMT-2, Billerica, MA, USA),
with each sample tested twice for accuracy. The test configuration consisted of an Al,O3
friction pair with a 4 mm diameter, applying a load of 15 N. The length of the wear track
was set to 1 mm, and the reciprocating speed was maintained at 4 mm/s throughout the
60 min test duration at room temperature. The surface of the samples was polished to
a mirror finish prior to the friction and wear tests, in a procedure consistent with SEM
sample preparation.

3. Results and Discussions
3.1. Phase Analysis

The morphology and X-ray diffraction pattern of the laser-cladding powders are
shown in Figure 1. The 316L stainless steel and WMoTaNb powders exhibit single-phase
FCC and BCC structures, respectively, with good sphericity, which is conducive to improv-
ing the flowability of the powders. Figure 2 shows the S-XRD patterns and refinement
results of the laser-cladding WMoTaNb/316L composite coating, which consist of an Fe-
based solid solution with a BCC structure, intermetallic compounds (IMCs) with hexagonal
structure, and carbides with an FCC structure. Moreover, the experimental data indicated
by the red circle, while the refinement data is represented by the black line. These IMCs
with a hexagonal structure are well matched with diffraction peaks of the Fe, W-type Laves
phase (PDF# 97-063-4064) [38]. However, these IMCs are enriched with refractory elements
such as W, Mo, Ta, and Nb in addition to Fe in this work. This may be attributed to the
fact that these elements exhibit the same crystal structure and small differences in atomic
radii, which leads to the formation of the Laves phase containing multiple elements [39].
Therefore, the IMCs were identified as the Fe;X (X = W, Mo, Ta, Nb) Laves phase. In
addition, a (Ta, Nb)C FCC phase is also present in the coatings (PDF# 51-1421), and the
corresponding angle of the (111) crystal plane of the (Ta, Nb)C phase is 4.63°. According to
the Bragg equation, its interplanar spacing is calculated to be 2.550 A. After refining the
experimental data, the phase fractions of the three phases in the composite coating are 72.7
wt.% (Fe-based solid solution), 23.4 wt.% (Fe, X (X = W, Mo, Ta, Nb)), and 3.9 wt.% ((Ta,
Nb)C) each.
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Figure 1. S-XRD patterns and SEM images of 316L stainless steel and WMoTaNb alloy powders.
(a) S-XRD patterns, (b) SEM image for WMoTaNDb, (c¢) SEM image 316L.
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Figure 2. High—energy synchrotron X-ray diffraction pattern and refinement result of laser-cladding
WMoTaNb/316L coating.

3.2. Microstructures and Evolutions

Figure 3a shows the SEM image of the overall structure of the crosssection of the laser-
cladding WMoTaNDb/316L composite coating. An excellent metallurgical bonding without
cracks or porosity between the cladding coating and the substrate has been achieved.
However, due to the high melting point of WMoTaNb RHEA, few incompletely melted
WMoTaNDb powders still exist in the coatings. Figure 3b shows the microstructure evolution
morphology of the coating in the region marked in Figure 3a, and the morphology at a
higher magnification is illustrated in Figure 3c. It can be observed that the whole coating
consists of a gray network inter-dendritic (ID) phase (zone A), dark gray dendritic (DR) or
columnar dendrites (zone B), and a fine diffuse white granular phase (zone C). According
to the EDS results (shown in Table 2) and the above analysis, it is known that the gray
network phase (point A) is the Fe; X (Wo, Mo, Ta, Nb) hexagonal phase and the dark gray
dendritic or columnar crystals (point B) is the Fe-based BCC phase. The white granular
phase (point C) is the FCC (Ta, Nb) C phase. However, the resolution of EDS for ultralight
elements (O, N, C, etc.) is insufficient, making it challenging to perform a quantitative
analysis on the C element. Therefore, only qualitative illustration is possible, which is
explained in more detail later in this article.

The microstructures of the interface between the coatings and substrate, as depicted
in Figure 3d, exhibit highly oriented planar crystals growing perpendicular to the sub-
strate direction due to obligatory growth resulting from different temperature gradients
and solidification rates within the molten pool. According to the theory of solidification
supercooling, crystal growth direction and morphology during rapid solidification of laser-
cladding coatings are influenced by temperature gradient (G), solidification rate (R), and
their ratio G/R [40]. The substrate and powders are rapidly melted by the laser, forming a
molten pool that quickly solidifies upon the movement of the laser. The maximum growth
rate occurs at the bottom of the melt pool, forming planar crystals and epitaxial growth [41].
As depicted in Figure 3d, the solidification rate increases while the temperature gradient
decreases during the advancement of the solid-liquid interface during solidification, lead-
ing to a transition in grain morphology from planar crystals to columnar dendrites. The
primary factor contributing to the growth of columnar dendrites in alloys under positive
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temperature gradients is compositional subcooling occurring along the solid-liquid in-
terface front during this process. The laser-cladding process involves rapid heating and
cooling, which is a typical non-equilibrium solidification process. During this process, the
concentration distribution of solutes in the liquid phase inevitably changes, resulting in
compositional subcooling. The region of compositional subcooling increases as the G/R
ratio decreases. According to the solidification theory, compositional subcooling disrupts
the planar growth state of the solid-liquid interface, inducing the protrusion of bumps
into the subcooled liquid phase. This phenomenon accelerates the growth rate of the
interface and facilitates its further growth into the liquid. Finally, columnar dendrites are
formed during rapid cooling [42]. As depicted in Figure 3b, the temperature gradient (G)
continues to decrease and the solidification rate (R) continues to increase in the middle
region of the coating, resulting in a further decrease in G/R. This transformation leads
to fine dendritic structures from the coating’s dark gray coarse columnar dendrites. The
microstructure of the coating mainly comprises thicker columnar dendrites, finer dendrites,
and inter-dendritic reticulation.

VR

Figure 3. SEM images of cross-sectional laser-cladding WMoTaNb/316L coating: (a) macroscopic
morphology, (b) microscopic morphology of the coating in the region marked in (a,c) microscopic
morphology at a larger magnification, and (d) microscopic morphology of the bond interface between
the cladding coating and the substrate.

Table 2. EDS results of each zone shown in Figure 3 (at. %).

Elements W Mo Ta Nb Fe Cr Ni
Zone A 1.7 2.3 0.4 0.2 76.0 11.8 7.6
Zone B 5.3 5.6 7.2 6.4 60.6 9.9 5.0
Zone C 49 5.2 22.0 245 31.8 7.7 3.8




Nanomaterials 2024, 14, 1016

7 of 19

Figure 4 shows the bright field transmission electron microscopy (BF TEM), high
angle annular dark field-scanning transmission electron microscopy (HAADF-STEM), and
elemental distribution of the laser-cladding WMoTaNb/316L composite coating. The
combination of XRD, SEM, and EDS results indicates that the white area observed in the
BF image corresponds to the Fe-based solid solution phase present in the dendrites. The
scanning area is covered mainly by the three elements Fe, Cr, and Ni, with the Fe element
being relatively more enriched in the dendrites (Figure 4c). This suggests that Fe elements
in 316L stainless steel and the substrate are involved in the formation of the entire coating
during the high power laser-cladding process. As a result, a large amount of Fe-based
BCC solid solution was formed in the coating under this high-energy laser-cladding. The
elemental mapping distribution in Figure 4 and the elemental line scan in Figure 5a,b
reveal distinct segregation of refractory elements, namely W, Mo, Ta, and Nb, among the
inter-dendritic structures. Additionally, an increase in Fe content is observed, while a
decrease in refractory element content is observed.

Figure 4. TEM and STEM-HAADF images of laser-cladding WMoTaNb/316L composite coating
surface. (a) TEM-BF image; (b) STEM-HAADF image; and elemental distribution of (c) Fe, (d) Cr,
(e) Ni, (f) W, (g) Mo, (h) Ta, (i) Nb.

Furthermore, both Cr and Ni from 316L exhibit equal distribution between the two
phases. The elements W, Mo, Ta, Nb, and Fe form a hexagonal Laves phase structure,
visually representing a black inter-dendritic phase in the TEM-BF image. In addition, the
comparison of the elemental mapping distribution in Figure 4c—i reveals distinct regions
with low Fe content and high Ta and Nb concentrations. The granular phase observed
is believed to be the in situ formation of the (Ta, Nb)C FCC phase between Ta, Nb, and
C during cladding. As evident from the elemental line scans in Figure 5c,d, there is a
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significant increase in Ta and Nb elemental signal intensity when passing through the
FCC granular phase. Although the C element exhibits limited production of characteristic
X-rays due to its small number of orbital electrons, resulting in a low acquired signal
intensity [43], the distribution of C in this region can be observed by analyzing the trend
of signal intensity change illustrated in Figure 5d. The area marked by orange dots in
Figure 5a was subjected to an EDS-point scan, and a quantitative analysis of the element
content of the three phases was conducted. The corresponding results are presented in
Table 3. Next, the phase structure of the laser-cladding coatings was further characterized
using selected electron diffraction mode (SEAD).
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Figure 5. STEM-HAADF images and EDS-line scan of laser-cladding WMoTaNb/316L composite
coating surface: (a,b) line scan zone between hexagonal and BCC phases and compositional variations,
(c,d) line scan zone between FCC and BCC phases and compositional variations.
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Table 3. EDS results of each zone shown in Figure 5 (at.%).
Elements W Mo Ta Nb Fe Cr Ni C
Point A 44 53 6.2 6.2 63.1 10.0 4.8 -
Point B 1.5 2.3 0.3 0.4 76.4 13.2 59 -
Point C 1.5 2.7 32.1 33.2 13.3 3.6 0.8 12.8

The coatings were characterized using TEM-SAED to analyze the phase structure and
orientation relationship further. Figure 6a clearly shows distinct white zones and black
structures, corresponding, respectively, to the dendritic and inter-dendritic network phases
observed in Figure 3c. The SAED analysis results of the red-circled zone in Figure 6a de-
picted in Figure 6b confirm that the crystal structure of the predominant Fe-based dendritic
phase in the coating is BCC, exhibiting a (110) crystal face spacing of approximately 2.139 A,
which aligns well with the XRD findings. The results indicate that the crystal face spacing
of Fe-based dendritic phases is slightly larger than that of the x-Fe (110) crystal face [44].
This can be primarily attributed to the partial dissolution of refractory elements such as W,
Mo, Ta, and Nb with larger atomic radii compared to Fe. As a result, Fe-based dendritic
phases exhibit increased crystal face spacing and cell constants [45]. Moreover, Figure 6d
illustrates the morphology of the (Ta, Nb)C phase in a bright field image, exhibiting a
rod-like or granular shape, which can be easily distinguished from the Fe,X Laves phase
through STEM-HADDF EDS mapping. The SAED pattern of the site indicated by the circle
in Figure 6d is presented in Figure 6e, confirming the identification of the phase as the (Ta,
Nb)C phase with an FCC structure. The crystal plane spacing of (111) is determined to be
2.611 A, which also agrees well with the XRD results. In conclusion, the combined XRD,
EDS, and TEM-SAED results unequivocally ascertain the presence of an Fe-based solid
solution, Fe; X(W, Mo, Ta, Nb), as well as (Ta, Nb)C in the coatings.

2 1/nm ‘

(0002)

(0111)

ZA=[2710] 2.1/nm

FCC ZA=[172] 2 1/mm

Figure 6. TEM bright—field micrographs and SAED of Fe-based solid solution and Fe;X (W, Mo, Ta,
Nb) Laves phase. (a) BF image, (b) and (c) SAED patterns of Fe-based solid solution and Fe,X phases
shown in (a), and (d) and (e) BF image and SAED patterns of (Ta, Nb)C phase.

The SAED pattern in Figure 7b illustrates the interface between the Fe, X Laves phase
and the Fe-based solid solution, which was obtained from the region marked by the white
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dashed circle in the TEM-BF image shown in Figure 7a. The SAED pattern reveals the
coexistence of hexagonal and BCC structures in the selected region, corresponding to the

band axes of [2110] and [100], respectively. The approximate Fe;X phase and Fe-based

solid solution orientations are <2110>p,ox | | <110>F,.paseq and {0004} r.ox | {010} pe_pased- The
degree of co-gridding at the two-phase interface is related to the degree of mismatch [46].
b is the relative difference in atomic spacing between two neighboring phases at the
interface [47]:
5— 2(dy —dy)
dy +dy

where d; and d; are the plane spacings of the Fe-based solid solution/Fe,X Laves phase,
respectively. Measurements according to Figure 7b yielded the following data: 2.091 A

for d(010)f, puseq and 1.973 A for d(0004)g,,x. From Equation (1), the 161 value is 5.81%.
This can be regarded as a semi-coherent interface between the two phases, exhibiting
significantly lower chemical energy than the incoherent interface due to partial atomic
matching. In addition, the (Ta, Nb)C phase and the Fe-based solid solution do not exhibit
a clearly defined orientation relationship. The SAED pattern and high-resolution trans-
mission electron microscope (HRTEM) image in Figure 7e,f depict the interface between
the Fe-based solid solution and the (Ta, Nb)C phase (highlighted by the white circle in
Figure 7d). Specifically, only the diffraction pattern of the (Ta, Nb)C phase is observable
along the [110] crystallographic band axis. In contrast, the HRTEM image reveals poor
resolution for the BCC Fe-based solid solution region (as shown in Figure 7f).

@

Interface 8

FCC-(Ta;Nb)C

FCC-(Ta,Nb)C ZA=[110]
p ﬂm

Figure 7. TEM-BF micrograph, SAED pattern, and HRTEM image at the interface. (a-c) Between
Fe-based BCC solid solution and Fe, X (W, Mo, Ta, Nb) Laves phase, and (d—f) between Fe-based BCC
solid solution and (Ta, Nb)C phase.

A schematic of the melting-solidification process during laser-cladding is illustrated
in Figure 8 to understand the solidification process better. During the cladding process,
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the 316L feedstock and substrate are first melted under a laser beam due to the high
temperature, and a melt pool is formed. The molten pool solidified as soon as the laser
beam left the molten pool. Based on the aforementioned SEM results, the dendritic growth
of the Fe-based solid solution with a BCC structure is evident in Figure 3c. At the same
time, the Laves phases are dispersed among the inter-dendrites, primarily due to element
segregation during the solidification process (as depicted in Figure 5b). The refractory
elements W, Mo, Ta, and Nb have significantly larger atomic radii compared to other
elements, resulting in poor mutual solubility with Fe, Cr, and Ni during solidification.
The refractory elements are thus readily excluded from the forefront of the solid-liquid
interface, resulting in dendritic segregation. Furthermore, due to their negative enthalpies
of mixing with other elements (as shown in Table 4), these refractory elements exhibit
limited solubility within the Fe-based solid solution lattice and, therefore, tend to form
intermetallic compounds [48]. The crystal structures of Fe, W, Fe;Mo, Fe;Ta, and Fe,Nb
exhibit an identical hexagonal structure with the same space group P63/MMC, and the
differences in lattice constants are negligible. The formation of an Fe;X (W, Mo, Ta, Nb)
Laves phase through a mutual solid solution between W, Mo, Ta, and Nb is therefore readily
achievable. Additionally, it is evident from Figure 3c that the precipitation of (Ta, Nb)C
particles primarily occurs along the inter-dendritic edges of the Fe-based solid solution,
indicating that NbC forms during the final stage of solidification [49]. The formation of (Ta,
Nb)C is mainly attributed to the strong affinity of Ta and Nb for C, and the similarity of
atomic radii and chemical properties of Ta and Nb. In addition, the cladding of subsequent
layers during the multi-pass laser-cladding process can induce thermal effects on the
solidified regions. The aging treatment involving multiple thermal cycles induces the
outward diffusion of solute atoms in the supersaturated Fe-based solid solution forming
from rapid cooling [38], thereby further facilitating the formation of an Fe;X Laves phase
and (Ta, Nb)C carbide.

Laser beam

Cladding coating
Cladding powder

Molten
pool

Fe,X(X=W,Mo, Ta,Nb) W atoms

Fe-based solid
solute

Mo atoms

Ta atoms
Nb atoms
Fe-based solid C atoms from
solute substrate and 316L

Figure 8. Schematic of the melting—solidification process during laser-cladding.
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Table 4. The values of mixing enthalpy of element pairs and atomic radius [50,51].
Element Atomic Radius (A) AHmix (kJ-mol—1)

Fe Cr Ni \4 Mo Ta Nb
Fe 1.27 - -1 -2 0 -2 -15 -16
Cr 1.28 - -7 1 0 -7 -7
Ni 1.24 - -3 -7 -29 —-30
W 1.41 - 0 -7 -8
Mo 1.40 -5 -6
Ta 1.47 - 0
Nb 1.48 -

3.3. Microhardness

Figure 9 shows the microhardness distribution of the WMoTaNDb/316L stainless steel
composite coating from the surface to the substrate. The 316L stainless steel coating is also
included for benchmarking. Based on the cross-sectional morphology, the hardness can
be categorized into three zones—the WMoTaNb/316L composite coating zone, the heat-
affected zone (HAZ), and the 45 steel substrate zone—each exhibiting distinct hardness
levels. The surface hardness of ~460 HV| 3 is significantly higher than that of the substrate.
Furthermore, it exhibits a 2.1-fold increase compared to the surface hardness of the laser-
cladding 316L coating. It can also be seen that the hardness of the composite coating tends
to decrease from the surface to the substrate. The possible cause for this phenomenon
could be attributed to the alteration in the microstructure of the coating. The dendrites near
the surface exhibit a finer morphology compared to the coarser dendrites observed at the
bottom of the coating. Finally, during the laser-cladding process, the substrate inevitably
dilutes the coating, resulting in higher dilution and lower hardness in regions closer to the
substrate. These two mechanisms contribute to the observed trend of variation in coating
cross-sectional hardness.

550

| —8— WMoTaNb/316L
500 F —&— 316L

alloy coatings HAZ substrate

450 -
400
350

300

Hardness HVo.3

250

200

150 1 M 1 M 1 M 1 " 1 " 1 M 1 M 1
0.0 0.4 0.8 1.2 1.6 20 24 2.8

Distance from surface (mm)

Figure 9. Microhardness of the laser-cladding WMoTaNb/316L coating and laser-cladding
316L coating.
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The strengthening mechanisms of metal materials primarily include dislocation streng-
thening, solid solution strengthening, second phase strengthening, and fine crystal strength-
ening. For instance, in accordance with the Hall-Petch relationship [52], a decrease in
average grain diameter leads to an increase in material yield strength. The hardness en-
hancement of a WMoTaNb/316L coating is mainly attributed to the distribution of Fe,X
(W, Mo, Ta, and Nb) Laves phases among the dendrites. These Laves phases have a
topologically closed phase (TCP) structure with high coordination number, space-filling
degree, large unit cell, and dislocation vectors, which inhibit the dislocation nucleation and
slip [53]. In addition, the Laves phase also has unique advantages in the field of energy
materials. For example, the Laves-phase HEAs are usually used for hydrogen storage or
Ni-MH battery applications [54-58]. Figure 10 illustrates the results of nanoindentation
experiments conducted across distinct zones of the WMoTaNb/316L composite coating.
Specifically, Figure 10a shows the respective hardness and modulus values of the Fe; X (W,
Mo, Ta, Nb) Laves phase, Fe-based solid solution, and the common zone between them.
The representative test zone corresponding to the results depicted in Figure 10c—e. The
experiment results reveal that the Fe;X Laves phase exhibits significantly higher values for
hardness and elastic modulus, measuring 7.8 &£ 0.8 GPa and 250.9 £ 11.9 GPa, respectively,
compared to those of the Fe-based solid solution (hardness: 3.3 & 0.5 GPa; elastic modulus:
214.75 & 24.0 GPa). The experimental results of the common zone of Fe; X Laves phase and
Fe-based solid solution (hardness: 5.4 + 0.8 GPa, elastic modulus: 233.7 4 7.3 GPa) are also
higher than the Fe-based solid solution. The presence of the Fe,X Laves phase significantly
enhances the deformation resistance of the composite coating, as clearly demonstrated by
its combination with the representative load—-displacement curves depicted in Figure 10b.
The indentation depth of the common zone in the Fe;X Laves phase and Fe-based solid
solution is smaller than that in Fe-based solid solution under identical loading conditions.
Therefore, the densely distributed Laves inter-dendritic phase is anticipated to play a
crucial role in enhancing the coating hardness.

The second point is that Figure 11a clearly illustrates a significant presence of dis-
locations within the BCC Fe-based solid solution phase. As shown in Figure 11b, the
close examination of the Fe-based solid solution phase reveals the presence of dislocation
entanglements. The additive manufacturing process is believed to induce substantial plas-
tic strain due to post-solidification thermal expansion and contraction, as well as rapid
localized heating and cooling cycles, resulting in a high dislocation density [59,60]. The
interaction among a significant number of dislocations impedes the dislocation motion,
thereby promoting the hardness of the coating. Moreover, the presence of trace elements
such as tungsten and molybdenum dissolved in the BCC Fe-based solid solution contributes
to the strengthening of the coating through solid solution strengthening mechanisms. Con-
sequently, this also enhances the hardness properties of the coating.
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Figure 10. Cont.
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Figure 10. The nanoindentation behavior of the Fe;X (W, Mo, Ta, Nb) Laves phase, Fe-based
solid solution, and the common zone between them in the WMoTaNb/316L composite coating.
(a) Hardness and elastic modulus. (b) Representative load—-displacement curves. Representative
nanoindentation zone SEM of (c) Fe; X (W, Mo, Ta, Nb) Laves phase, (d) Fe-based solid solution, and
(e) the common zone of Fe; X (W, Mo, Ta, Nb) Laves phase and Fe-based solid solution.

Figure 11. TEM bright-field micrographs of typical microstructures of WMoTaNb/316L laser-
cladding composite coating: (a) dislocation distribution; (b) evidence of dislocation entanglement.

3.4. Wear Resistance

Figure 12a shows the friction coefficient curves of laser-cladding WMoTaNb/316L
composite coating and 316L coating. The friction coefficient curve of the composite coating
exhibits significant fluctuations following the occurrence of friction. At the early stage of
wear, the Al,O3 ceramic ball rubs the surface of the coating and produces point contact
friction. As the contact area between the friction partner and the coating surface gradually
increases, it enters the intense wear stage. The friction coefficient tends to stabilize and
enter the stable wear stage as the friction process progresses [61]. The friction coefficient of
the composite coating ranges from 0.65 to 0.75. In contrast, the friction coefficient of the
316L coating exhibits a relatively gradual change and stabilizes at approximately 0.82 upon
entering the stage of stable wear.
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Figure 12. The wear resistance comparison between laser-cladding WMoTaNb/316L coating and
316L coating. (a) Friction coefficients. (b) Profiles of wear grooves and wear rates.

The cross-sectional profile of the wear grooves in Figure 12b reveals that the
WMoTaNb/316L composite coating exhibits a shallower grooves depth, narrower width,
and smoother profile line. The three-dimensional (3D) morphologies of the wear surface
track in Figure 13 clearly shows that the 316L coating has a rougher wear surface, indi-
cating more generation of wear chips during friction and intensifying the wear behavior.
Moreover, the wear rate of the coatings is illustrated in Figure 12b, wherein the wear rate of
WMoTaNb/316L composite coating (4.32 x 10~* mm3 N~! mm™1) exhibits a significantly
lower value compared to that of the 316L coating (6.90 x 10~* mm3 N~! mm~1). Accord-
ing to Archard’s tribological theory [62], there is a proportional relationship between the
hardness of a coating and its wear resistance. The reduction in the coefficient of friction of
the coating is mainly due to the improvement in hardness.

55.4 ym 59.9 ym
w (D)
60 pm

55 ym

31pm 29 um 44.0

WMoTaNb / 316L 316L 300

Figure 13. Three-dimensional morphologies of the worn surface track in (a) WMoTaNb/316L
composite coating and (b) 316L coating.

Figure 14a shows the worn morphology of the WMoTaNb/316L composite coating.
The surface of the coating exhibits a relatively rough texture, characterized by plastic
deformation, flaking pits, wear debris, and grooves. This is because a large number of
micro-convexities still exist on the microscopic surface after polishing the coating surface.
When the friction partner comes into contact with the micro-convexities of the coating
surface and applies pressure, plastic deformation and adhesion occur [63]. In the process of
sliding, the adhered material is sheared and damaged, shedding to form abrasive particles,
causing abrasive wear and creating grooves on the coating surface [64]. The green boxed
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area in Figure 14a was subjected to EDS elemental distribution analysis, revealing localized
bias towards O and Cr elements. This may be attributed to the frictional heat generated
during the sliding process, leading to the oxidation of the adhesive material. However, it
can be observed that the oxide layer lacks continuity and tends to be dislodged during
repeated friction, which in turn forms oxidized debris and aggravates abrasive wear. In
summary, the main wear mechanisms observed in this study were adhesive wear, oxidative
wear, and abrasive wear.

Figure 14. SEM images and EDS elemental distribution of worn morphology of (a) WMoTaNb/316L
composite coating surface; (b) enlarged view of the green box in (a) and elemental distribution of
(c) O, (d) Fe, (e) Cr, (f) Ni, (g) W, (h) Mo, (i) Ta, and (j) Nb.

4. Conclusions

The present work successfully prepared the WMoTaNb/316L composite coatings with
no obvious defects and good metallurgical bonding with the substrate. The microstructures
of the composite coatings were systematically characterized. The microhardness and wear
resistance were analyzed in comparison with those of the laser-cladding 316L coatings. The
main conclusions are as follows:

1. The microstructure of the coating consists of a BCC Fe-based dendritic solid solution,
a hexagonal Fe; X (W, Mo, Ta, and Nb) Laves interdendritic phase, and an FCC (Ta,
Nb)C interdendritic granular phase.

2. The Fe-based solid solution and the Fe, X Laves phase show a semi-coherent interface
with a lattice mismatch of 5.81%. There is no orientation relationship between the
Fe-based solid solution and the (Ta, Nb)C phase, which is a non-coherent interface.

3. The microhardness of the laser-cladding WMoTaNb/316L composite coating surface
was about 460 HV( 3, which was 2.1 times higher than that of the 316L coating.
The primary strengthening mechanism involves the incorporation of a WMoTaNb
refractory high entropy alloy, which facilitates the formation of a robust network Fe, X
Laves phase with enhanced strength, as well as solid solution strengthening within
the iron-based solid solution.

4. The wear resistance of laser-cladding WMoTaNb/316L composite coatings is superior
to that of 316L coatings. The main wear mechanisms at room temperature were
adhesive, oxidative, and abrasive wear.



Nanomaterials 2024, 14, 1016 17 of 19

Author Contributions: Conceptualization, S.L.; Methodology, G.C., H.Y., Z.K. and S.L.; Validation,
A.Y. and X.Y. Formal analysis, A.Y.; Investigation, G.C.; Resources, G.C., L.F, X.C., H.Z, Y.R. and
S.L.; Data curation, H.Y.; Writing—original draft, A.Y.; Writing—review & editing, Z.K., S.T., X.C.,
H.Z.,Z.Z. and S.L.; Visualization, A.Y.; Supervision, Z.K.,S.T.,, X.C.,, H.Z., Z.Z., Y.R. and S.L.; Project
administration, S.L.; Funding acquisition, S.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was financially supported by the National Key R&D Program of China (Nos.
2021YFA1200203), the National Natural Science Foundation of China (Nos. 52222104, 12261160364),
the Guangdong-Hong Kong-Macao Joint Laboratory for Neutron Scattering Science and Technology.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors would like to acknowledge the resources of the Shanghai Syn-
chrotron Radiation Facility and Beijing Synchrotron Radiation Facility.

Conflicts of Interest: All the authors who have contributed or assisted in any way to this work are
listed in the manuscript and the contributing authors declare no conflicts of interests. All the funding
sources for the entire project have been properly cited.

References

1. Lo, K.H.; Shek, C.H,; Lai, ].K.L. Recent developments in stainless steels. Mater. Sci. Eng. R Rep. 2009, 65, 39-104. [CrossRef]

2. Voisin, T.; Forien, ].-B.; Perron, A.; Aubry, S.; Bertin, N.; Samanta, A.; Baker, A.; Wang, Y.M. New insights on cellular structures
strengthening mechanisms and thermal stability of an austenitic stainless steel fabricated by laser powder-bed-fusion. Acta Mater.
2021, 203, 116476. [CrossRef]

3.  Fang, TH.; Tao, N.R. Martensitic transformation dominated tensile plastic deformation of nanograins in a gradient nanostructured
316L stainless steel. Acta Mater. 2023, 248, 118780. [CrossRef]

4. Liu, Q.;Lu,],;Luo, Z;Yi,].; He, M.; Zhao, Y.; Wang, S. Enhancing corrosion resistance of additively manufactured 316L stainless
steel by fabricating pillar arrays. Mater. Des. 2023, 230, 111940. [CrossRef]

5. Wang, C.; Zhu, P; Wang, F.; Lu, Y.H.; Shoji, T. Anisotropy of microstructure and corrosion resistance of 316L stainless steel
fabricated by wire and arc additive manufacturing. Corros. Sci. 2022, 206, 110549. [CrossRef]

6. Liu, X.; Wang, H.; Liu, Y.; Wang, C.; Song, Q.; Cui, H.; Zhang, C.; Huang, K. The effect of Nb content on microstructure and
properties of laser cladding 316L SS coating. Surf. Coat. Technol. 2021, 425, 127684. [CrossRef]

7. Ouyang, C.; Wang, R.; Zhao, C.; Wei, R.; Li, H.; Deng, R.; Bai, Q.; Liu, Y. Study on ductile iron surface laser cladding austenitic
stainless steel coating heat treatment to enhance wear resistance. Tribol. Int. 2024, 191, 109202. [CrossRef]

8.  Ouyang, W,; Xu, Z,; Chao, Y,; Liu, Y.; Luo, W,; Jiao, J.; Sheng, L.; Zhang, W. Effect of electrostatic field on microstructure and
mechanical properties of the 316L stainless steel modified layer fabricated by laser cladding. Mater. Charact. 2022, 191, 112123.
[CrossRef]

9.  Yu,J;Wang, Y., Zhou, F,; Wang, L.; Pan, Z. Laser remelting of plasma-sprayed nanostructured Al,O3—20 wt.% ZrO, coatings
onto 316L stainless steel. Appl. Surf. Sci. 2018, 431, 112-121. [CrossRef]

10. Liu, Z.; Zhu, S.; Shen, M; Jia, Y.; Wang, W.; Wang, F. Microstructure and cavitation erosion behavior of sputtered NiCrAlTi
coatings with and without N incorporations. J. Mater. Sci. Technol. 2020, 54, 211-222. [CrossRef]

11.  Zhuang, D.D.; Du, B.; Zhang, S.H.; Tao, W.W.; Wang, Q.; Shen, H.B. Effect and action mechanism of ultrasonic assistance on
microstructure and mechanical performance of laser cladding 316L stainless steel coating. Surf. Coat. Technol. 2022, 433, 128122.
[CrossRef]

12.  Arif, Z.U,; Khalid, M.Y,; ur Rehman, E.; Ullah, S.; Atif, M.; Tariq, A. A review on laser cladding of high-entropy alloys, their recent
trends and potential applications. J. Manuf. Process. 2021, 68, 225-273. [CrossRef]

13. Sun, P; Yan, N.; Wei, S.; Wang, D.; Song, W.; Tang, C.; Yang, J.; Xu, Z.; Hu, Q.; Zeng, X. Microstructural evolution and strengthening
mechanisms of Inconel 718 alloy with different W addition fabricated by laser cladding. Mater. Sci. Eng. A 2023, 868, 144535.
[CrossRef]

14. Liu, Y,; Wang, Y.; Xu, X.; Hopper, C.; Dong, H.; Wang, X.; Zhu, H,; Jiang, J. The study of hot deformation on laser cladding
remanufactured 316L stainless steel. Mater. Des. 2021, 212, 110255. [CrossRef]

15.  Kim, R.E.; Moon, J.; Kim, E.S; Lee, J.; Kim, H.S. Surface heterostructuring of laser-clad 316L stainless steel through texture-driven
deformation twinning. Scr. Mater. 2022, 221, 114989. [CrossRef]

16. He, B,; Zhang, L.; Zhu, Q.; Wang, J.; Yun, X.; Luo, J.; Chen, Z. Effect of solution treated 316L layer fabricated by laser cladding on
wear and corrosive wear resistance. Opt. Laser Technol. 2020, 121, 105788. [CrossRef]

17.  Ding, H,; Yang, T.; Wang, W.; Zhu, Y.; Lin, Q.; Guo, J.; Xiao, Q.; Gan, L.; Liu, Q. Optimization and wear behaviors of 316L stainless
steel laser cladding on rail material. Wear 2023, 523, 204830. [CrossRef]

18.  Koube, K.D.; Kennedy, G.; Bertsch, K.; Kacher, J.; Thoma, D.J.; Thadhani, N.N. Spall damage mechanisms in laser powder bed

fabricated stainless steel 316L. Mater. Sci. Eng. A 2022, 851, 143622. [CrossRef]


https://doi.org/10.1016/j.mser.2009.03.001
https://doi.org/10.1016/j.actamat.2020.11.018
https://doi.org/10.1016/j.actamat.2023.118780
https://doi.org/10.1016/j.matdes.2023.111940
https://doi.org/10.1016/j.corsci.2022.110549
https://doi.org/10.1016/j.surfcoat.2021.127684
https://doi.org/10.1016/j.triboint.2023.109202
https://doi.org/10.1016/j.matchar.2022.112123
https://doi.org/10.1016/j.apsusc.2017.06.204
https://doi.org/10.1016/j.jmst.2020.02.072
https://doi.org/10.1016/j.surfcoat.2022.128122
https://doi.org/10.1016/j.jmapro.2021.06.041
https://doi.org/10.1016/j.msea.2022.144535
https://doi.org/10.1016/j.matdes.2021.110255
https://doi.org/10.1016/j.scriptamat.2022.114989
https://doi.org/10.1016/j.optlastec.2019.105788
https://doi.org/10.1016/j.wear.2023.204830
https://doi.org/10.1016/j.msea.2022.143622

Nanomaterials 2024, 14, 1016 18 of 19

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Maurizi Enrici, T.; Dedry, O.; Boschini, E; Tchuindjang, J.T.; Mertens, A. Microstructural and Thermal Characterization of
316L + WC Composite Coatings Obtained by Laser Cladding. Adv. Eng. Mater. 2020, 22, 2000291. [CrossRef]

Lian, G.; Zhao, C.; Zhang, Y.; Feng, M.; Jiang, ]. Investigation into Micro-Hardness and Wear Resistance of 316L/SiC Composite
Coating in Laser Cladding. Appl. Sci. 2020, 10, 3167. [CrossRef]

Liu, Y,; Chen, H.; Han, R.; Peng, Y.; Wang, K.; Li, X. Investigating the microstructure and mechanical properties of 316L/TiB,
composites fabricated by laser cladding additive manufacturing. |. Mater. Res. Technol. 2024, 29, 28-39. [CrossRef]

Yu, J.; Ho, H. Microstructure and Mechanical Properties of (Ti, Nb)C Ceramic-Reinforced 316L Stainless Steel Coating by Laser
Cladding. Appl. Sci. 2022, 12, 6684. [CrossRef]

Gao, Y,; Liu, Y.; Wang, L.; Yang, X.; Zeng, T.; Sun, L.; Wang, R. Microstructure evolution and wear resistance of laser cladded 316L
stainless steel reinforced with in-situ VC-Cr;Cg. Surf. Coat. Technol. 2022, 435, 128264. [CrossRef]

Yeh, ] W,; Chen, SK; Lin, S.J.; Gan, ].Y.; Chin, T.S.; Shun, T.T.; Tsau, C.H.; Chang, S.Y. Nanostructured High-Entropy Alloys with
Multiple Principal Elements: Novel Alloy Design Concepts and Outcomes. Adv. Eng. Mater. 2004, 6, 299-303. [CrossRef]

Ying, H.; Yang, X.; He, H.; Tao, K;; Guo, Z.; Wang, L.; Ge, J.; Liu, S.; Fu, S.; Lou, Y.; et al. Formation of strong and ductile
FeNiCoCrB network-structured high-entropy alloys by fluxing. Microstructures 2023, 3, 2023018. [CrossRef]

Chang, X.; Zeng, M.; Liu, K,; Fu, L. Phase Engineering of High-Entropy Alloys. Adv. Mater. 2020, 32, 1907226. [CrossRef]
[PubMed]

Cantor, B.; Chang, I.T.H.; Knight, P.; Vincent, A.].B. Microstructural development in equiatomic multicomponent alloys. Mater.
Sci. Eng. A 2004, 375-377,213-218. [CrossRef]

Wang, S.; Wu, M.; Shu, D.; Zhu, G.; Wang, D.; Sun, B. Mechanical instability and tensile properties of TiZrHfNbTa high entropy
alloy at cryogenic temperatures. Acta Mater. 2020, 201, 517-527. [CrossRef]

Edalati, P; Floriano, R.; Tang, Y.; Mohammadi, A.; Pereira, K.D.; Luchessi, A.D.; Edalati, K. Ultrahigh hardness and bio-
compatibility of high-entropy alloy TiAlFeCoNi processed by high-pressure torsion. Mater. Sci. Eng. C 2020, 112, 110908.
[CrossRef]

Edalati, P.;, Mohammadi, A.; Ketabchi, M.; Edalati, K. Ultrahigh hardness in nanostructured dual-phase high-entropy alloy
AlCrFeCoNiNb developed by high-pressure torsion. J. Alloys Compd. 2021, 884, 161101. [CrossRef]

Edalati, P.; Mohammadi, A.; Ketabchi, M.; Edalati, K. Microstructure and microhardness of dual-phase high-entropy alloy by
high-pressure torsion: Twins and stacking faults in FCC and dislocations in BCC. J. Alloys Compd. 2022, 894, 162413. [CrossRef]
Edalati, P; Mohammadi, A.; Tang, Y.; Floriano, R.; Fuji, M.; Edalati, K. Phase transformation and microstructure evolution in
ultrahard carbon-doped AlTiFeCoNi high-entropy alloy by high-pressure torsion. Mater. Lett. 2021, 302, 130368. [CrossRef]
Ying, H.; Yang, X.; He, H.; Yan, A.; An, K; Ke, Y,; Wu, Z; Tang, S.; Zhang, Z.; Dong, H.; et al. Anomalous dislocation response
to deformation strain in CrFeCoNiPd high-entropy alloys with nanoscale chemical fluctuations. Scr. Mater. 2024, 250, 116181.
[CrossRef]

Senkov, O.N.; Wilks, G.B.; Miracle, D.B.; Chuang, C.P.; Liaw, PK. Refractory high-entropy alloys. Intermetallics 2010, 18, 1758-1765.
[CrossRef]

Senkov, O.N.; Wilks, G.B.; Scott, ].M.; Miracle, D.B. Mechanical properties of NbysMop5TaysWos and VNbygMoggTazgWog
refractory high entropy alloys. Intermetallics 2011, 19, 698-706. [CrossRef]

Zhao, Y.; Wu, M.; Hou, J.; Chen, Y.; Zhang, C.; Cheng, J.; Li, R. Microstructure and high temperature properties of laser cladded
WTaNbMo refractory high entropy alloy coating assisted with ultrasound vibration. J. Alloys Compd. 2022, 920, 165888. [CrossRef]
Chen, Z.B.; Zhang, G.G.; Chen, ].J.; Guo, C.H.; Sun, W.Y,; Yang, Z.L.; Li, H.X,; Jiang, EC.; Han, B. Microstructure and wear property
of WMoTaNb refractory high entropy alloy coating by laser cladding. . Mater. Res. Technol. 2024, 28, 1557-1569. [CrossRef]
Chen, H.; Ye, L.; Han, Y.; Chen, C.; Fan, J. Additive manufacturing of W-Fe composites using laser metal deposition: Microstruc-
ture, phase transformation, and mechanical properties. Mater. Sci. Eng. A 2021, 811, 141036. [CrossRef]

Xiao, B.; Dong, H.; Yang, T.; Liu, S; Jin, S.; Cao, B.; Han, Y.; Zhao, L.; Yang, X.; Sha, G.; et al. Creep-induced heterogeneous
precipitation of Laves phase with two morphologies in tempered martensite ferritic steels. Mater. Res. Lett. 2023, 11, 630-637.
[CrossRef]

Hunt, J.D. Steady state columnar and equiaxed growth of dendrites and eutectic. Mater. Sci. Eng. 1984, 65, 75-83. [CrossRef]

Li, K,; Li, D.; Liu, D.; Pei, G.; Sun, L. Microstructure evolution and mechanical properties of multiple-layer laser cladding coating
of 308L stainless steel. Appl. Surf. Sci. 2015, 340, 143-150. [CrossRef]

Zhang, W.; Xu, Y.; Shi, Y; Su, G.; Gu, Y.; Volodymyr, K. Intergranular corrosion characteristics of high-efficiency wire laser
additive manufactured Inconel 625 alloys. Corros. Sci. 2022, 205, 110422. [CrossRef]

Kim, H.-K; Ha, H.-Y.; Bae, J.-H.; Cho, M.K,; Kim, ]J.; Han, J.; Suh, J.-Y.; Kim, G.-H.; Lee, T.-H.; Jang, ].H.; et al. Nanoscale light
element identification using machine learning aided STEM-EDS. Sci. Rep. 2020, 10, 13699. [CrossRef] [PubMed]

Chen, X.; Zou, J.; Zeng, X.; Ding, W. Hydrogen storage properties of a Mg-La-Fe-H nano-composite prepared through reactive
ball milling. J. Alloys Compd. 2017, 701, 208-214. [CrossRef]

Kim, D.W,; Kwon, D.Y.; Kang, ].-H. Strengthening of high nitrogen austenitic stainless steel by Nb addition. Mater. Charact. 2024,
209, 113776. [CrossRef]

Wan, W.; Wang, J.; Liang, M.; Fan, K.; Wang, Z.; Li, Y. Fracture behaviors of Ti(C, N)-based cermets with different contents of
metal binder. Ceram. Int. 2022, 48, 32399-32408. [CrossRef]


https://doi.org/10.1002/adem.202000291
https://doi.org/10.3390/app10093167
https://doi.org/10.1016/j.jmrt.2023.12.261
https://doi.org/10.3390/app12136684
https://doi.org/10.1016/j.surfcoat.2022.128264
https://doi.org/10.1002/adem.200300567
https://doi.org/10.20517/microstructures.2022.47
https://doi.org/10.1002/adma.201907226
https://www.ncbi.nlm.nih.gov/pubmed/32100909
https://doi.org/10.1016/j.msea.2003.10.257
https://doi.org/10.1016/j.actamat.2020.10.044
https://doi.org/10.1016/j.msec.2020.110908
https://doi.org/10.1016/j.jallcom.2021.161101
https://doi.org/10.1016/j.jallcom.2021.162413
https://doi.org/10.1016/j.matlet.2021.130368
https://doi.org/10.1016/j.scriptamat.2024.116181
https://doi.org/10.1016/j.intermet.2010.05.014
https://doi.org/10.1016/j.intermet.2011.01.004
https://doi.org/10.1016/j.jallcom.2022.165888
https://doi.org/10.1016/j.jmrt.2023.12.082
https://doi.org/10.1016/j.msea.2021.141036
https://doi.org/10.1080/21663831.2023.2208613
https://doi.org/10.1016/0025-5416(84)90201-5
https://doi.org/10.1016/j.apsusc.2015.02.171
https://doi.org/10.1016/j.corsci.2022.110422
https://doi.org/10.1038/s41598-020-70674-y
https://www.ncbi.nlm.nih.gov/pubmed/32792596
https://doi.org/10.1016/j.jallcom.2017.01.056
https://doi.org/10.1016/j.matchar.2024.113776
https://doi.org/10.1016/j.ceramint.2022.07.183

Nanomaterials 2024, 14, 1016 19 of 19

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.
62.
63.

64.

Ruan, T.; Shen, J.; Li, B.; Zhao, Z.; Zhang, D. High-temperature strengthening mechanism and thermal stability of Laves phase in
ferritic matrix. Mater. Sci. Eng. A 2022, 859, 144183. [CrossRef]

Ma, Q.; Zhang, H.; Lv, Y.; Song, C.; Guo, N.; Xiao, G.; Zhao, W. Microstructure and properties of Wy 5Tag sMoNDbVAITi;_Zrx
high entropy alloy coatings by laser cladding on the surface of 45# steel. Ceram. Int. 2023, 49, 36416-36428. [CrossRef]

Cao, Y.-B,; Zhi, S.-X.; Gao, Q.; Tian, X.-T.; Geng, T.; Guan, X.; Qin, C. Formation behavior of in-situ NbC in Fe-based laser cladding
coatings. Mater. Charact. 2016, 119, 159-165. [CrossRef]

Zhang, Y.; Han, T.; Xiao, M.; Shen, Y. Effect of Nb content on microstructure and properties of laser cladding FeNiCoCrTip sNbx
high-entropy alloy coating. Optik 2019, 198, 163316. [CrossRef]

Takeuchi, A.; Inoue, A.J.M.T. Classification of Bulk Metallic Glasses by Atomic Size Difference, Heat of Mixing and Period of
Constituent Elements and Its Application to Characterization of the Main Alloying Element. Mater. Trans. 2005, 46, 2817-2829.
[CrossRef]

Hall, E.O. The Deformation and Ageing of Mild Steel: III Discussion of Results. Proc. Phys. Soc. Sect. B 1951, 64, 747. [CrossRef]
Xiang, K.; Chen, L.-Y.; Chai, L.; Guo, N.; Wang, H. Microstructural characteristics and properties of CoCrFeNiNbx high-entropy
alloy coatings on pure titanium substrate by pulsed laser cladding. Appl. Surf. Sci. 2020, 517, 146214. [CrossRef]

Dangwal, S.; Edalati, K. High-entropy alloy TiV,ZrCrMnFeNi for hydrogen storage at room temperature with full reversibility
and good activation. Scr. Mater. 2024, 238, 115774. [CrossRef]

Dangwal, S.; Li, Y.; Edalati, K. AB-type dual-phase high-entropy alloys as negative electrode of Ni-MH batteries: Impact of
interphases on electrochemical performance. Mater. Chem. Phys. 2024, 319, 129397. [CrossRef]

Edalati, P; Floriano, R.; Mohammadi, A.; Li, Y.; Zepon, G.; Li, H.-W.; Edalati, K. Reversible room temperature hydrogen storage
in high-entropy alloy TiZrCrMnFeNi. Scr. Mater. 2020, 178, 387-390. [CrossRef]

Edalati, P; Mohammadi, A.; Li, Y,; Li, H.-W,; Floriano, R.; Fuji, M.; Edalati, K. High-entropy alloys as anode materials of
nickel—Metal hydride batteries. Scr. Mater. 2022, 209, 114387. [CrossRef]

Mohammadi, A.; Ikeda, Y.; Edalati, P.; Mito, M.; Grabowski, B.; Li, H.-W.; Edalati, K. High-entropy hydrides for fast and reversible
hydrogen storage at room temperature: Binding-energy engineering via first-principles calculations and experiments. Acta Mater.
2022, 236, 118117. [CrossRef]

Barkia, B.; Aubry, P.; Haghi-Ashtiani, P.; Auger, T.; Gosmain, L.; Schuster, F.; Maskrot, H. On the origin of the high tensile strength
and ductility of additively manufactured 316L stainless steel: Multiscale investigation. J. Mater. Sci. Technol. 2020, 41, 209-218.
[CrossRef]

Bertsch, K.M.; Meric de Bellefon, G.; Kuehl, B.; Thoma, D.J. Origin of dislocation structures in an additively manufactured
austenitic stainless steel 316L. Acta Mater. 2020, 199, 19-33. [CrossRef]

Ren, Z.Y,; Hu, Y.L.; Tong, Y.; Cai, Z.H.; Liu, J.; Wang, H.D.; Liao, ].Z.; Xu, S.; Li, L.K. Wear-resistant NbMoTaWTi high entropy
alloy coating prepared by laser cladding on TC4 titanium alloy. Tribol. Int. 2023, 182, 108366. [CrossRef]

Archard, J.F. Single Contacts and Multiple Encounters. J. Appl. Phys. 1961, 32, 1420-1425. [CrossRef]

Zhao, W.; Yu, K.; Ma, Q.; Song, C.; Xiao, G.; Zhang, H.; Lv, Y.; Guo, N.; Li, Z. Synergistic effects of Mo and in-situ TiC on the
microstructure and wear resistance of AICoCrFeNi high entropy alloy fabricated by laser cladding. Tribol. Int. 2023, 188, 108827.
[CrossRef]

Cheng, J.; Sun, B.; Ge, Y,; Hu, X.; Zhang, L.; Liang, X.; Zhang, X. Nb doping in laser-cladded Fe;5C0,5Niy5(Bg 7Sip 3)25 high
entropy alloy coatings: Microstructure evolution and wear behavior. Surf. Coat. Technol. 2020, 402, 126321. [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.


https://doi.org/10.1016/j.msea.2022.144183
https://doi.org/10.1016/j.ceramint.2023.08.325
https://doi.org/10.1016/j.matchar.2016.08.005
https://doi.org/10.1016/j.ijleo.2019.163316
https://doi.org/10.2320/matertrans.46.2817
https://doi.org/10.1088/0370-1301/64/9/303
https://doi.org/10.1016/j.apsusc.2020.146214
https://doi.org/10.1016/j.scriptamat.2023.115774
https://doi.org/10.1016/j.matchemphys.2024.129397
https://doi.org/10.1016/j.scriptamat.2019.12.009
https://doi.org/10.1016/j.scriptamat.2021.114387
https://doi.org/10.1016/j.actamat.2022.118117
https://doi.org/10.1016/j.jmst.2019.09.017
https://doi.org/10.1016/j.actamat.2020.07.063
https://doi.org/10.1016/j.triboint.2023.108366
https://doi.org/10.1063/1.1728372
https://doi.org/10.1016/j.triboint.2023.108827
https://doi.org/10.1016/j.surfcoat.2020.126321

	Introduction 
	Experimental Procedures 
	Materials 
	Microstructure Characterization 
	Microhardness and Wear Behavior Tests 

	Results and Discussions 
	Phase Analysis 
	Microstructures and Evolutions 
	Microhardness 
	Wear Resistance 

	Conclusions 
	References

