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CoCrFeNiNb, (x = 0 or 1 at.%) high-entropy alloy (HEA) coatings with good metallurgical bonding were suc-
cessfully prepared on surfaces of pure titanium sheets by pulsed laser cladding. Phase constitutions and mi-
crostructural characteristics of the HEA coatings were characterized and analyzed by combined use of X-ray
diffraction, electron channeling contrast imaging, energy dispersive spectroscopy and electron backscatter dif-

CocheNlef . fraction techniques. Results show that the HEA coating without Nb is consisted of BCC solid-solution phase with
Phase constitution . . . PP L.
Hardness equiaxed bulk grain morphology and Cr,Ti Laves phase (C14-type hexagonal structure) with fine interdendritic

lamellar morphology. After adding 1 at.% Nb, in addition to the BCC solid-solution phase and the Cr,Ti Laves
phase, CroNb Laves phase with C15-type cubic structure also appears in the interdendritic region in the HEA
coating. Hardness tests reveal that the CoCrFeNiNb, HEA coatings are significantly harder than the pure titanium
substrate (~122 HV). The hardness value of the HEA coating with 1 at.% Nb reaches 1008 HV, which is ~ 8.3
times that of the substrate and considerably higher than that of bulk HEAs with similar compositions. Such high
hardness can be attributed to the combined contribution from solid-solution hardening, and hardening from

grain refinement and Laves phases with fine lamellar morphologies.

1. Introduction

As a new type of alloy system, high-entropy alloys (HEAs) or multi-
principal-element alloys (MPEAs) have attracted wide attention in re-
cent years [1-5]. It is generally accepted that HEAs are composed of at
least five major elements and the concentration of each element ranges
from 5 to 35 at.% [6,7]. Since their high configuration entropy (> 1.5 R
and R is the gas constant) could significantly reduce the Gibbs free
energy of the system, HEAs are often mainly composed of simple solid-
solution phases (such as body-centered cubic (BCC) or face-centered
cubic (FCC) structure) rather than intermetallic compounds or other
complex brittle phases as predicted by traditional theory. A number of
studies have demonstrated that HEAs with suitably designed structures
and compositions possess many favorable properties, such as high
strength and ductility [8-12], excellent corrosion resistance [13] and
good creep resistance [14], suggesting a great application potential in
many fields.

Among various metallic materials, titanium (Ti) and its alloys have
been widely used in aerospace, marine, chemical and biomedical
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industries due to their attractive properties like high strength to density
ratio, good corrosion resistance and biocompatibility [15,16]. Never-
theless, surface failure often occurs under friction conditions because of
their low hardness and poor wear resistance that largely reduce service
reliability [17]. The case is even worse for work pieces made of pure Ti.
Hence, various surface treatments aiming at improving their wear re-
sistance have been attempted by many researchers. As a modern surface
treatment technique, laser cladding with features of easy operation,
high processing efficiency and very effective property improvement is
receiving increasingly attention nowadays [18-23]. It uses high-energy
laser beam to melt substances coated on substrate materials, accom-
panied by ultrafast heating/cooling (> 10*-10° K/s), limited thermal
effect on substrate and feasible control of coating thickness (upto >

1 mm). Guo et al. [24] successfully fabricated NiCrBSi and NiCrBSi/
WC-Ni composite coatings on a pure Ti substrate by laser cladding and
found that the coatings started to be oxidized until the temperature
exceeded 650 °C, largely higher than that of the substrate, exhibiting
excellent oxidation resistance at elevated temperatures. Cai et al. [25]
attempted to employ the same technique to prepare a NiCrCoTiV HEA
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coating on a Ti-6Al-4V substrate and demonstrated that the coating was
comprised of BCC solid-solution phase and (Ni, Co)Ti, intermetallic
compounds, jointly leading to greatly improved wear resistance. To
date, however, it should be admitted that there have still been very few
studies focusing on high-performance HEA coatings prepared by laser
cladding on Ti and its alloys, with their specific microstructural features
essentially unexplored.

In this work, a high-purity Ti sheet was selected as the substrate
material, with the laser cladding technique employed to prepare
CoCrFeNiNb, (x = 0 or 1 at.%) HEA coatings on the substrate. Phase
constitutions and microstructural characteristics of the coatings were
investigated in detail by multiple characterization techniques.
Hardnesses of the substrate and the coatings were also examined with
reasons accounting for hardness variations explored based on the re-
vealed microstructure characteristics. These results are expected to
provide an important reference for preparing high-performance HEA
coatings (different from traditional ones) on Ti and its alloys to enhance
their service reliability.

2. Experimental

The as-received substrate material was a pure Ti sheet (99.99%
purity) after rolling and recrystallization annealing. Rectangular spe-
cimens with dimensions of 17 mm X 9 mm X 2.6 mm were cut from
the as-received sheet by using a wire-cutting machine along three or-
thogonal directions, namely rolling (RD), transverse (TD) and normal
(ND) directions, respectively. Then, 180#, 400#, 800# and 1200# si-
licon carbide abrasive papers and ethanol were used to treat the sub-
strate to remove surface oxides and contaminants. Co-Cr-Fe-Ni-Nby
alloy powders (Co, Cr, Fe and Ni in equiatomic ratio while x = 0 and 1
at.%, denoted as NbO and Nb1, respectively) with 99.9% purity for each
component and particle sizes between 45 and 75 um were used as the
raw powders. Such raw powders were sufficiently mixed for 10 h
through a ball milling machine and then pre-placed onto the RD-TD
surface of the pure Ti substrate uniformly with a thickness of
500-600 pum using polyvinyl alcohol (PVA) solvent (in 10 wt%) as a
binder. Subsequently, the pre-coated specimens were dried in an oven
at 120 °C for 5 h. Laser cladding was carried out in a pulsed 600 W Nd:
YAG laser device with scanning along the RD direction and a 50%
overlap between neighboring tracks. More detailed laser processing
parameters were tabulated in Table 1. During the laser processing, a
continuous flow of high-purity argon gas (flow rate 5 L min~') was
used to prevent oxidation.

After the laser cladding treatment, RD-TD surfaces of the coated
specimens were slightly polished by SiC abrasive papers (upto 1200#)
and then subjected to X-ray diffraction (XRD, PANalytical Empyrean
Series 2) examination with Cu Ka radiation (8.04 keV) at 40 kV and
40 mA (26 ranging from 20° to 90°). Cross-sectional (TD-ND) micro-
structures of the coated specimens were characterized by use of elec-
tron channeling contrast (ECC) imaging and electron backscatter dif-
fraction (EBSD) techniques in a Zeiss Sigma HD field emission gun
scanning electron microscope (FEGSEM). The EBSD system consisted of
a NordlysMax2 detector (Oxford Instruments), with AZtec 2.4 and HKL
Channel 5 software packages used for information acquisition and data
post-processing analyses, respectively. In addition, an energy dispersive
spectrometer (EDS) attached to the FEGSEM was used for analyzing
local compositions of the coatings. Prior to the above microstructural
characterizations, the to-be-analyzed surfaces (TD-ND) of coated

Table 1
Processing parameters of the pulsed laser cladding.
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specimens were mechanically ground by SiC abrasive papers to 3000#
in the final step and then electro-polished in a mixed solution of 90 mL
methanol and 10 mL perchloric acid at —30 °C and 14 V for 100 s.
Hardnesses of the substrate and the coatings were measured on the RD-
TD surfaces by use of a Vickers indentation tester (HVS-1000) with a
load of 100 g and a dwelling time of 10 s (ASTM E92-82(2003)). For
each specimen, more than 40 indentations at an interval of 200 pym
were made to calculate an average hardness value.

3. Results
3.1. Phase constitution

Fig. 1a shows XRD patterns of the pure Ti substrate, NbO and Nb1l
coatings. The pure Ti substrate is completely composed of a-Ti phase
with a hexagonal close-packed (HCP) structure, while the NbO coating
seems to be mainly composed of two phases: a BCC solid-solution phase
and a Cr,Ti Laves phase (Cl4-type). In addition to the two phases,
another Laves phase (Cr,Nb, C15-type) appears in the Nbl coating.
Fig. 1b presents enlarged profiles around the (1 1 0) peak of the BCC
solid-solution phase in both the HEA coatings. One can see that the
(1 1 0) peak of the BCC phase in the Nbl coating slightly shifts left,
compared to that of the NbO coating. According to the Bragg diffraction
law, the lattice constants of the BCC phase in NbO and Nb1 coatings are
estimated using diffraction angles corresponding to the (1 1 0) peaks to
be 3.0171 A and 3.0314 A, respectively. Such variations of the dif-
fraction peak angles and the lattice constants are expected to be related
to local lattice distortions caused by the addition of Nb [20].

3.2. Microstructural characteristics of the pure Ti substrate

Fig. 2 shows microstructural characteristics of the pure Ti substrate
(before the pulsed laser cladding) revealed by ECC imaging and EBSD
techniques. From Fig. 2a, the initial microstructure of the as-received Ti
sheet is comprised of equiaxed grains with relatively uniform sizes,
indicting sufficient recrystallization after rolling and annealing. Since
no second phases (B-Ti phase or intermetallics) are detected in the pure
Ti substrate, all the equiaxed grains can be confirmed to be a-Ti after
referring to the above XRD results. Fig. 2b is an EBSD inverse pole
figure (IPF) map with high angle boundaries (HABs, 6 > 15°) and low
angle boundaries (LABs, 2° < 6 < 15°) indicated, allowing grain
morphologies to be well revealed. Also from Fig. 2b, most grains are
found to be colored red, which suggests that their c-axes are close to the
ND. This can confirm the presence of an evident crystallographic tex-
ture. The misorientation angle distribution histogram displayed in
Fig. 2c reveals that the majority of misorientation angles are higher
than 15°, with only a few of them < 15° consistent with the dis-
tribution of HABs and LABs displayed in Fig. 2b. By use of the linear
intercept method, the average grain size of equiaxed grains in the pure
Ti substrate is measured to be ~ 45.0 pum.

3.3. Microstructural characteristics of the HEA coatings

TD-ND cross-sectional views (macro morphologies) and measured
compositions of NbO and Nb1 coatings are presented in Fig. 3. Fig. 3a
and c show that the fabricated HEA coatings are dense and uniform, and
an excellent metallurgical bonding is achieved between the coatings
and the substrate. From Fig. 3b and d, the added alloying elements in
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Fig. 1. (a) XRD patterns of the pure Ti substrate, NbO and Nb1 coatings; (b) enlarged profile around (1 1 0) peak of the BCC solid-solution phase in the coatings.

the HEA coatings are found to be generally uniform, with a higher
content of Ti included in the HEA coatings as well. This demonstrates
that both the pre-placed alloy powders and the pure Ti substrate are
well melted and mixed during the laser cladding processing, producing
good metallurgical bonding between them. Meanwhile, the high con-
tent of Ti detected in the HEA coatings indicates the occurrence of in-
evitable dilution of the substrate element during laser cladding. Based
on a well accepted model [26], dilution rates of the NbO and Nbl
coatings are roughly estimated to be 53.7% and 65.9%, respectively.

ND-TD cross-sectional ECC observations of NbO and Nb1l coatings
are exhibited in Fig. 4, allowing marked microstructural differences to
be revealed between them. From Fig. 4a and b, typical dendritic (DR)
morphologies can be seen for the NbO coating, i.e. equiaxed bulk grains
enclosed by irregular-shaped interdendritic (ID) structures. A further
observation for the boxed region in Fig. 4b is shown in Fig. 4c, revealing
that the ID structures contain dense substructures of fine lamellae (most
lamellar spacings < 150 nm). After adding Nb, three distinct
morphologies can be found in the Nbl coating (Fig. 4d). From Fig. 4e,
the majority of microstructures in this coating are also comprised of
equiaxed bulk grains and surrounding ID structures (coarsened), com-
pared to those in the NbO coating. Fig. 4f is a magnified observation of
the boxed region F in Fig. 4d, revealing bulk microstructures com-
pletely comprised of fine lamellae, similar to the morphologies of the ID
structures shown in Fig. 4c. Average sizes of equiaxed bulk grains in
NbO and Nb1 coatings are measured (> 100 grains counted for each of
them using Nano Measurer 1.2 software) to be ~ 3.5 pym and ~ 2.5 pm,
respectively. This suggests that the addition of 1 at.% Nb can effectively
refine grains and promote the original ID structures to grow into bulk
structures with internal substructures retained.

Figs. 5 and 6 present distributions of each element measured by EDS
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Fig. 3. (a) and (c) TD-ND cross-sectional views (macro morphologies) of NbO
and Nb1 coatings, respectively; (b) and (d) EDS line scanning results along the
arrowed paths in (a) and (c), respectively.
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Fig. 2. Microstructural characteristics of the pure Ti substrate: (a) ECC image, (b) EBSD IPF map with black and grey lines delineating grain boundaries with® > 15°
and 2° < 6 < 15°, respectively, and (c) misorientation angle distribution histogram corresponding to (b). The inset in (b) is the color code for grain orientations.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. ECC images of TD-ND cross-sectional views of NbO and Nb1 coatings: (a) low-magnification observation of the NbO coating, (b) magnified observation of the
white box in (a), and (c) magnified observation of the white box in (b); (d) low-magnification observation of the Nb1 coating, (e) magnified observation of the white
box in (d), and (f) magnified observation corresponding to region F in (d). DR and ID in figures represent dendritic and interdendritic structures, respectively.

in NbO and Nb1 coatings, respectively. We note that Cr and Ti prefer to
be segregated in ID regions in the NbO coating, while other elements are
evenly distributed inside the equiaxed bulk grains (Fig. 5). Combined
with XRD and EDS results, the equiaxed bulk grains can be confirmed to
be the BCC solid-solution phase while the ID structure corresponds to
Cr,Ti Laves phase (C14-type). After adding Nb, Fig. 6 reveals that like
Cr and Ti, Nb also prefers to distribute in ID regions, with other ele-
ments remaining mainly inside the equiaxed bulk grains. After referring
to the XRD results (Fig. 1), the equiaxed bulk grains in the Nb1 coating
still correspond to the BCC solid-solution phase while the ID structures
should be comprised of another type of Laves phase (CroNb, C15-type)
along with Cr,Ti.

Fig. 7 presents EBSD results of the BCC solid-solution phase in NbO
and Nb1 coatings. From band contrast (BC) map shown in Fig. 7a, one
can also see that the NbO coating is composed of equiaxed bulk grains
and ID structures, consistent with direct ECC observations (Fig. 4).
Fig. 7b further reveals that crystallographic orientations of the equiaxed
grains are relatively scattered with no considerable preferred

(b)

orientations, different from the case of the pure Ti substrate. With re-
spect to misorientation characteristics, Fig. 7c shows that almost all
grain boundaries of the BCC solid-solution phase have high mis-
orientation angles, with essentially no low angles presented, suggesting
very low residual stresses accumulated in the coating. Analyses for the
Nb1 coating (Fig. 7d-f) show great microstructural similarities to those
of the NbO coating. Nevertheless, comparisons between them can reveal
that the grains in the Nbl coating are slightly finer with increased
fractions of the ID structures than in the NbO coating. This suggests that
the addition of Nb could refine grains and produce more ID structures,
consistent with the above ECC results (Fig. 4).

3.4. Surface hardness variation
Fig. 8 gives results of hardness measurements for the pure Ti sub-
strate and the HEA coatings. Clearly, both the coatings prepared by

laser cladding are much harder than the pure Ti substrate. The average
hardness of the pure Ti substrate is ~ 122 HV while that of the NbO

(c) (d)

Fig. 5. EDS mapping results in the NbO coating: (a) and (b) morphologies of selected regions; (c) Co, (d) Cr, (e) Fe, (f) Ni and (g) Ti corresponding to (b).
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(d)

Ti Nb

Fig. 6. EDS mapping results in the Nb1 coating: (a) and (b) morphologies of selected regions; (c) Co, (d) Cr, (e) Fe, (f) Ni, (g) Ti and (h) Nb corresponding to (b).

coating is remarkably increased to be ~ 790 HV which is ~ 6.6 times
that of the substrate. After adding Nb, the average hardness of the HEA
coating further goes upto 1008 HV, almost 8.3 times that of the sub-
strate. In literature, Wang et al. [27] reported that the hardness of an as-
cast CoCrFeNi bulk HEA was 150 HV with the maximum hardness of
272 HV after optimizing processing parameters, far softer than the
CoCrFeNiNb, HEA coatings in this work. Jiang et al. [28] reported that
an as-cast CoCrFeNiTig 5 bulk HEA would have a hardness of 616.8 HV,
largely increased compared to Wang et al.’s work without Ti addition.
Cai et al. [25] found that the hardness of an NiCrCoVTi HEA coating

prepared by laser cladding on Ti-6Al-4V alloy could reach ~ 700 HV,
still much lower than our results. Such a comparison suggests that our
CoCrFeNiNb, HEA coatings fabricated on the pure Ti substrate own
better mechanical properties. To probe reasons accounting for their
high hardnesses, microstructural characteristics of the HEA coatings
and their possible effects on hardness changes are comprehensively
analyzed and discussed in the following.

s |,I.I|I“|““ “|“|I|
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Fig. 7. (a) and (d) BC maps, (b) and (e) IPF maps, and (c) and (f) misorientation angle distribution histograms of the BCC solid-solution phase in NbO and Nb1l

coatings, respectively.



K. Xiang, et al.

1200

1000

800

\ =
\

600

400+

Hardness (HV)

%

0 % . 7
Pure Ti NbO Nb1
Specimens

Fig. 8. Hardness values of the pure Ti substrate, NbO and Nb1 coatings.

4. Discussion
4.1. Reasons for variations of phase constitutions

According to the Gibbs phase rule, the number of phases after
equilibrium solidification can be predicted by p = n + 1, where p is the
phase number and n is the component number. After non-equilibrium
solidification, however, p would be larger than n + 1 [29]. In the
present work, non-equilibrium solidification occurs during the laser
cladding processing due to insufficient diffusion associated with very
short pulse duration (5 ms) and ultrafast cooling induced by the pulsed
laser [19,30]. As a result, three non-equilibrium phases (one BCC solid-
solution phase and two Laves phases) with heterogeneous micro-
structures are formed in the CoCrFeNiNby HEA coatings. The total
phase number is far smaller than that predicted by the Gibbs phase rule.
This suggests that high entropy effect and non-equilibrium solidifica-
tion caused by the laser cladding may have influenced phase formation
in the HEA coatings. Earlier studies showed that the CoCrFeNi qua-
ternary HEA wusually consisted of single FCC solid-solution phase
[10,31]. However, in both the NbO and Nb1 coatings in our work, a BCC
solid-solution phase is found to be the major phase (Figs. 1 and 7)
containing a considerable amount of Ti, in addition to Co, Fe and Ni
(Figs. 5 and 6). Ti is known to have a much larger atomic radius than
Co, Cr, Fe and Ni (Table 2) and its addition is able to promote changing
the structure of this series of HEAs from FCC to BCC [32,33]. From
Table 2, one can also see that electronegativity of Ti is considerably
smaller than those of Co, Cr, Fe and Ni. Such differences in atomic
radius and electronegativity between them would produce large local
elastic strains and instability of topological systems, facilitating the
formation of intermetallic compounds [34]. The case of Nb is very close
to that of Ti, allowing more intermetallics compounds to be expected
after adding Nb.

Further analyses on XRD and EDS results suggest that Laves phases
(A,B type) with a topological close-packed (TCP) structure are formed
in the fabricated HEA coatings. Only one Laves phase, C14-type Cr,Ti
(Znp,Mg type with an HCP structure [35]), is found in the NbO coating
while C15-type CroNb Laves phase (Cu;Mg type with a BCC structure)

Table 2

Values of atomic radii and electronegativity of various alloying elements [38].
Element Co Cr Fe Ni Ti Nb
Atomic radius (A) 1.25 1.25 1.24 1.25 1.46 1.43

Electronegativity (Pauling) 1.88 1.66 1.83 1.91 1.54 1.60
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appears along with the Cr,Ti in the Nbl coating. Kumar et al. [36]
studied polymorphic transformation of Laves phases and pointed out
that Cr,Ti and CroNb usually had the same hexagonal structure at room
temperature. After annealing at elevated temperatures, the hexagonal
structure could be transformed into a cubic structure. Such transfor-
mation was demonstrated to be very slow for Cr,Ti but rather rapid for
CroNb. In a recent study [37], C15-type Nb- and Cr-enriched Laves
phases were confirmed to exist around sub-grain boundaries in a laser-
processed Inconel 718 alloy. From the above analyses, it is known that
the Cr,Ti Laves phase maintains the Cl4-type hexagonal structure
while the CroNb Laves phase prefers the C15-type cubic structure in the
CoCrFeNiNb, coatings prepared by laser cladding.

4.2. Correlation between microstructural characteristics and hardness

As revealed in Fig. 8, hardnesses of the HEA coatings are much
higher than that of the substrate and hardening is further enhanced
after adding Nb. Such hardness differences and variations should be
closely related to their specific microstructural characteristics. Firstly,
the presence of Ti in the solid-solution phase in the CoCrFeNiNb,
coatings would inevitably produce large lattice distortions, due to sig-
nificant differences in atomic radius between them. As a result, BCC
phase generally with higher strength/hardness than FCC phase would
be preferably formed [32,39]. In both the NbO and Nb1l coatings, the
BCC solid-solution phase is the major constitution and should be able to
make a significant contribution to their high hardness. A comparison
between microstructures of NbO and Nbl coatings reveals that the
average grain size of BCC solid-solution phase is clearly reduced after
adding 1 at.% Nb (NbO ~ 3.5 um versus Nb1 ~ 2.5 ym), which would
bring effective hardening induced by structural refinement for the Nb1l
coating.

Secondly, as a result of component segregation, Cr,Ti and CroNb
Laves phases are formed to be the ID structures in the CoCrFeNiNby,
coatings. These Laves phases have TCP structures with high coordina-
tion numbers, space filling degrees, large unit cells and dislocation
vectors. This will make dislocation nucleation and slipping rather dif-
ficult, leading their hardness to be as high as 8-9 GPa at room tem-
perature [40]. It can be expected that the presence of these Laves
phases could make an important contribution to hardening the HEA
coatings in this work. With respect to hardening ability of Laves phases
with different structures, Chen et al. [41] found that dual-phase Ti alloy
containing C15-type Cr,Ti Laves phase structure had a higher hardness
than that with C14-type, suggesting a higher hardening ability for the
C15-type. This may allow us to expect more significant hardening effect
from C15-type CroNb Laves phase than Cl4-type Cr,Ti Laves phase,
which should be one reason why the Nb1l coating containing Cr,Nb is
harder than the NbO coating. In addition, Fig. 4 reveals that the addi-
tion of Nb promotes growth of the ID structures with a fine lamellar
morphology. Recent work [42,43] has confirmed that eutectic struc-
tures with a similar lamellar morphology to those in our study were
more beneficial than equiaxed bulk grains to strength and hardness of
CoCrFeNiNby bulk HEAs. More fine lamellar structures appeared in the
Nb1 coating should have also made a definite contribution to its higher
hardness.

As mentioned earlier, the CoCrFeNiNb, coatings prepared by laser
cladding in this work are found to have much higher hardnesses than
bulk HEAs with similar compositions. For example, an as-cast
CoCrFeNiTig s bulk HEA prepared by vacuum induction melting was
reported to have a hardness of 616.8 HV and typical grain sizes of tens
of micrometers [28]. Comparatively, the grains in both NbO and Nb1l
coatings are greatly reduced (only a few micrometers), which should be
resulted from the laser-induced rapid solidification and bring grain
refinement-related hardening effects. Meanwhile, such non-equilibrium
solidification is able to increase solubility limits of various elements and
enhance solid-solution strengthening/hardening [19,44]. From the
above analyses, the excellent mechanical property (high hardness) of
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the CoCrFeNiNb, HEA coatings fabricated by the pulsed laser cladding
on the pure Ti substrate could be ascribed to the combined contribution
from solid-solution hardening, and hardening from grain refinement
and Laves phases with fine lamellar morphologies.

5. Conclusions

(1) CoCrFeNiNby (x = 0 or 1 at.%) HEA coatings with good me-
tallurgical bonding were successfully fabricated on surfaces of the
pure Ti substrate using pulsed laser cladding.

(2) NDO coating is consisted of BCC solid-solution phase with equiaxed
bulk grain morphology and Cr,Ti Laves phase (C14-type hexagonal
structure) with fine interdendritic lamellar morphology. After
adding 1 at.% Nb, in addition to the BCC solid-solution phase and
the Cr,Ti Laves phase, CroNb Laves phase with C15-type cubic
structure also appears in the interdendritic region.

(3) The NbO and Nbl coatings have hardness values of ~ 790
and ~ 1008 HV, respectively, significantly higher than that of the
pure titanium substrate (~122 HV). Comprehensive analyses reveal
that such high hardness can be attributed to the combined con-
tribution from solid-solution hardening, and hardening from grain
refinement and Laves phases with fine lamellar morphologies.
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