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Abstract: This work aimed to fabricate two varieties of near-equiatomic TiNbZr and TiTaZr medium-
entropy alloy (MEA) claddings on pure Ti as protective layers by stepwise laser cladding. Their
stratified component distribution, microstructural characteristics, and phase constitutions were
analyzed, with their hardness and wear resistance were compared with that of pristine Ti. It was
found that a single body-centered-cubic solid-solution phase in both MEA claddings were realized
on the hexagonal closed-packed pure Ti substrates. The subgrain structures in the TiNbZr cladding
were cellular grains, while the ones in the TiTaZr cladding were much denser dendrite arms, which
led to increased residual stress. The results showed that the hardness of the TiNbZr and TiTaZr
claddings were 450 £ 30 HVj; and 513 & 27 HVy,, respectively, 2.6 times and 3 times that of the
pure Ti (170 £ 11 HV ;). Also, the consequent wear rates decreased from 2.08 x 1074 mm3N-1.m~!
(pure Ti) to 0.49 x 10~* mm3-N~1.-m~! (TiNbZr) and 0.32 x 10~* mm3-N~!-m~! (TiTaZr). Such
high hardness and enhanced wear resistance are attributed to the solid-solution strengthening of
the body-centered-cubic phase and the residual stress in the claddings. The realization of hard MEA
layers by stepwise laser cladding offers a flexible and effective way for protecting pure Ti.

Keywords: TiNbZr; TiTaZr; stepwise laser cladding; medium-entropy alloy; microstructure
characterization; wear resistance

1. Introduction

Compared with common steel materials, the combination of low density, high specific
strength, and good corrosion resistance makes titanium (Ti) and titanium alloys ideal
alternative materials for applications in aerospace, biomedical implants, and marine equip-
ment [1-3]. Nevertheless, the relatively low hardness of pure Ti and its corresponding
poor wear resistance become the Achilles” heel when subjected to high-friction working
conditions [4,5]. Generally, the mechanical properties can be improved by introducing
alloying elements. However, traditional Ti-based alloys still exhibit inadequate hardness
even after alloyed with other elements [6], such as Ti-6Al-4V (~375 HV) [7]. To fulfill the
comprehensive demands mentioned above, researchers have been devoted to enhancing Ti
materials through surface modifications [5,8-10].

In the exploring process, a novel multi-component alloy design strategy attracted the
attention of researchers and had been applied. Different from the traditional alloy design
concept based on one or two principal elements, high-entropy alloys (HEAs) contain more
than five near-equiatomic elements with high configuration entropy (AS > 1.5R, R is the
gas constant) [11-13]. High configuration entropy significantly suppressing the Gibbs
energy of the alloy systems would lead to the formation and stabilization of a single-phase
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solid solution, and their optimized structures were reported to produce extraordinary
mechanical properties [14]. One of the first few papers on HEAs was focused on HEA
coatings for building up protective surface layers [15]. In that work, AlICoCrFeMoy sNiSiTi
and AlCrFeMog 5NiSiTi HEA powders were used for thermal spray coatings on 304 stainless
steel substrate, and the as-sprayed hardness reached 486 HV and 524 HV, respectively,
suggesting great potential of HEAs in surface enhancement. In recent years, based on
the concept of HEAs, alloy systems containing fewer elements (3—-4 components) with
relatively lower configuration entropy (1R < AS < 1.5R) have been studied [16]. They are
defined as medium-entropy alloys (MEAs), which also possess remarkable comprehensive
properties [17,18]. Their fewer principal components reduce the design complexity and
fabrication difficulty of MEAs.

Surface HEA and MEA modification of Ti can spring up thanks to the advantages
of concentrated energy density, good metallurgical bonding, and high flexibility of laser
cladding [19-21]. In previous works, AINbMoTaCuy and CoCrFeNiNby HEA coatings
have been fabricated on TC4 and pure Ti substrates by laser cladding, respectively [22,23].
Though these multicomponent alloy coatings possess some advantages, the inevitable Ti
element dilution induced from the Ti-based substrates would influence the morphology
and the properties of the cladding layer [24]. Therefore, fabricating Ti-containing multicom-
ponent coatings is an ideal way to make use of the Ti dilution. Xiang et al. prepared CoNiTi
MEA claddings consisting of a BCC phase with Ti;Ni and TipCo intermetallic compounds
on Ti substrates by pulsed laser cladding of pre-placed Co and Ni powders mixtures and
obtained an enhanced hardness reaching 571 HV [25]. Chai et al. tremendously improved
the hardness and wear resistance of pure Ti in a similar way by laser cladding a CrNiTi MEA
layer composed of a BCC matrix with Cr,Ti Laves phase and NiTi intermetallic layer [26].
Surface Ti-containing MEA modification is deemed to be an efficient method to optimize
wear resistance. In most studies, element powders were pre-mixed in a mechanical ball
milling machine and then pre-placed on the to-be-coated substrate with specific binders
before the laser cladding was conducted. This guarantees homogenous structures, but on
the other hand, time needs to be spent preparing raw materials and unexpected impurities
may be introduced, affecting the quality of the manufactured samples [27,28]. It is noted
that, to date, there have been very few reports on the following two aspects: (i) MEA
claddings with a complete single solid-solution phase fabricated by laser cladding on Ti
with their microstructures and properties analyzed and (ii) substituting directly ejecting
element powders in steps during laser cladding instead of pre-mixing and pre-placing
powders before laser cladding to build an MEA layer [29]. Based on previous research,
the refractory TiZrHfNbTa HEA and its MEA derivatives (TiNbZr, TiZrHf, TiTaZr, etc.)
with a single BCC phase structure possess excellent strength and hardness [30-33]. Among
them, TiNbZr and TiTaZr are two of the most commonly used ternary MEA systems, which
indicates their feasibility for the surface enhancement of Ti materials [34,35].

Therefore, in this work, a simple pathway was applied to fabricate two ternary MEA
derivatives (TiNbZr and TiTaZr) from quinary TiZrHfNbTa HEA by directly laser cladding
the element powders layer-by-layer on pure Ti substrate. Structural and compositional
characterizations were conducted to explore their microstructural characteristics, and the
formation mechanism of the single BCC solid-solution phase was analyzed. In addition,
the hardness and wear resistance of the MEA claddings were also measured and compared
with those of the pure Ti. This work expects to offer a flexible and effective strategy for
enhancing pure Ti surfaces by stepwise laser cladding, thereby broadening its application.

2. Materials and Methods

As-received, commercial, cold-rolled, pure Ti (>99 at.%) sheets without subsequent
annealing were applied as the substrate materials. Several rectangular specimens with
geometric dimensions of 50 mm x 50 mm X 5 mm were cut from the Ti sheets by wire-
electrode cutting. Later, the Ti specimens were polished with abrasive papers and then
dipped into anhydrous ethanol for ultrasonic cleaning to remove surface oxides and
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contaminations before laser cladding. The cladding equipment used in this work consists
of a fiber laser system, three powder feeders, and a KUKA six-axis robot arm integrated
with a powder nozzle. During laser cladding, the powder nozzle ejects metal powders
through the central powder hole surrounded by three laser beam paths. Pure Nb and Ta
powders (>99.9 at.%) with a size distribution of 15~45 um and Zr powders (>99.9 at.%) with
a size distribution of 50~105 um were utilized as cladding powder materials. They were
poured into three separate powder feeders which were connected to the powder nozzle
and controlled by a central controller. Thus, the powder flows could be easily adjusted
by controlling each powder feeder. As shown in Figure 1, all element powders had a
high degree of sphericity, which ensures good fluidity of the powders stream. During
the stepwise laser cladding processes, Nb or Ta powders were firstly in situ laser alloyed
with Ti element diluted from the substrates, forming transition layers. After two transition
layers, the dilution rate of the Ti substrate was lowered, Zr powders were finally laser
cladded and the MEA claddings were prepared on the top surface. Figure 2 exhibits the
schematic diagrams of the stepwise laser cladding process. The two obtained cladding
specimens were denoted as C; and C,. Based on the features of the stepwise laser cladding
processes, the three cladding layers in each cladding specimen were named L, L,, and Ls.
Ci-Ly and C;-L; are Nb-cladded transition layers, while Cp-L1 and Cy-L, are Ta-cladded
transition layers. Both Ci-Ls and Cp-L3 are Zr-cladded MEA layers. Hereinafter, for the
convenience of description, the phrase the top surface layers or the codes C;-L3, C»-L3 and
analogous expressions all refer to the two MEA top layers. The laser cladding parameters
are listed in Table 1.

Figure 1. Pure element powders used in this work. (a,b) Nb powders; (¢,d) Ta powders; and (e f) Zr
powders.
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Layer1-transition layer1

Layer2-transition layer2 Layer3-MEA layer

Figure 2. Schematic diagrams of the cladding process.

Table 1. Cladding parameters for each cladding layer. The grey rows distinguish the parameters of
the two MEA layers.

Cladding Parameters

Specimen Cladding Laser Scannin Powder Shielding Overla
Layer & Feed Rate Argon Flow P
Power (W) Speed (m-s—1) . 1 N Rate
(g:min—1) (L-min—1)

C Cy-Ly 3050 0.06 4.8 8 30%
Ci-L, 3050 0.06 4.8 8 30%

Ci-Ls 2700 0.04 45 8 30%

C, Cr-Ly 3150 0.06 5.2 8 30%
Cy-Ls 3150 0.06 5.2 8 30%

Cs-Ls 2850 0.04 45 8 30%

After the fabrication, the as-cladded surfaces were mechanically ground by SiC abra-
sive papers up to #2000 and polished with SiO; polishing solution before being subjected to
X-ray diffraction (XRD, Shimadzu 6000, Kyoto, Japan) examination with Cu K, radiation
for phase characterization. Chemical and microstructural analyses were carried out on the
ground and polished cross-section using a scanning electron microscope (SEM, HITACHI
SU-8010, Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS, Oxford
X-mas80, Oxford, Britain) and Electron Back-Scattered Diffraction instrument (EBSD, Hikari
XP, Hillsboro, OR, USA). Vickers microhardness tests at a load of 0.2 kgf and a dwell time of
10 s were performed to measure the hardness distribution along the depth of the specimens.
Such measurements were repeated at least eight times at the same height to determine
the average hardness values. The dry sliding wear tests were conducted on an HSR-2M
reciprocating friction tester at room temperature. The friction pair was a 1045 steel ball
with a radius of 6 mm. The normal load was 3 N, and the reciprocating frequency was
300 times per min with a 10 mm sliding distance. The total sliding distance for each sample
in the wear test was set as 25 m, to maintain consistency in the test conditions. The 3-
dimensional worn morphologies were reconstructed using a LEICA DCM3D laser confocal
microscope after wear tests and the corresponding wear volumes and wear rates were
calculated from five sectional profiles of the wear tracks. The wear rate (J) was calculated
using Equation (1):

s_ AV _ AV
T YW F,d

where AV is the wear volume and W is the accumulated frictional work. F;, represents
the applied load and d indicates the sliding distance.

)

3. Results
3.1. Microstructural Characteristics

Figure 3a presents the XRD profiles of the Ti substrate and the two laser-cladding
specimens. The Ti substrate was composed of a typical HCP phase, while the C;-L3 and the
C,-L3 possess a completely single BCC solid-solution phase. Compared with the peaks in
the standard BCC Ti profiles, the ones in both the C;-L3 and C,-L3 were obviously shifted to
the left due to the lattice distortion caused by the laser-alloyed elements. It was noted that
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the Cy-L3 had a higher half-width than those of the C;-L3 (Figure 3b), which is probably
caused by the higher residual stress and will be discussed below.
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Figure 3. (a) XRD profiles of the Ti substrate and the cladded specimens. (b) Magnified area of the
profiles boxed in Figure 3a.

The microstructural morphology and the elemental distribution captured by SEM
and EDS from the cross-section of the C; specimen are shown in Figure 4. It can be
seen from Figure 4a that the as-cladded C; sample had three layers (corresponding to
Ci-Ly, Ci-Ly, and C;-L3) due to the stepwise cladding process. The thickness of the top
surface layer C;-L3 was approximately 550 um and that of the two transition layers, the
C;-L; and the C;-L; altogether, was about 510 pm. No obvious defect or crack was found
in the claddings or the corrugated interfaces between layers, which indicates the high
quality of the fabricated claddings with good metallurgical bonding. The inset in Figure 4a
zooms in on the partial region of the transition layers. Some quasi-circular granules
could be clearly recognized from the main part. According to the EDS mapping results
displayed in Figure 4b, these granules were confirmed as un-melted Nb powders. There
are always a few incompletely melted refractory metal powders with a high melting point
present in laser-fabricated parts [36,37]. During laser cladding, as the laser center moves
forward, the preceding molten pool begins to cool down. Meanwhile, many metal powders
continue to be ejected from the powder nozzle into the preceding molten pool before it
has fully solidified. By this time, the temperature is insufficient to fully melt the metal
powders and thus those powders remain after solidification. It is worth mentioning that
no unmelted powder was in the top surface layer after subsequent laser cladding and
remelting, suggesting a sufficient mixture of those elements and a more homogeneous
composition. Also, a stratified elemental distribution in the claddings can be obtained
from Figure 4b, which accords with the stepwise fabricating strategy and the feature of
the cladding layers microstructure. All the components were evenly distributed in each
cladding layer. The component quantification of each layer is given in Table 2. The dilution
rate of the Ti substrate decreased in the transition layers as the number of the cladding
layers increased, and a chemical composition of Tiz3 44Nbss 972131 59 (at.%) was obtained
in the Cq-L3. Therefore, combined with the aforementioned XRD result (Figure 3a), a
near-equiatomic TiNbZr MEA cladding composed of a single BCC solid-solution phase
was successfully fabricated through stepwise laser cladding. Figure 4c focuses on the
cellular structure in the TiNbZr MEA cladding. The cellular core and the darker cellular
wall can be distinctly distinguished in the further magnified inset, and Figure 4d indicates
that the cellular wall regions had a lower Nb content. In other words, the Nb element
with the highest melting point concentrated inside the cellular core. The component metal
powders would be melted in the molten pool after absorbing the laser energy and then the
molten pool would rapidly cool down and solidify at the extremely high cooling rate up
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to 10*~10° K-s~1, resulting in a non-equilibrium solidification process [38]. According to
the non-equilibrium solidification theory, once nucleation starts, elements with a higher
melting point tend to be enriched first [39]. In this case, Nb, with the highest melting
point (2750 K) in the TiNbZr ternary system, concentrates inside the cellular core where
solidification begins. As expected in the laser process, the achieved high cooling rate and
high temperature gradient facilitate the formation of a cellular structure [40].

Figure 4. Microstructure and component distribution of the C; specimen. (a) A cross-sectional SEM
image of the overall morphology; the inset shows the transition layers at a higher magnification.
(b) The corresponding EDS mapping of the cross-section. (c) The cellular structure in the top surface
layer; the inset shows the cellular core and wall at a higher magnification. (d) The EDS elements
mapping of the magnified view in the boxed region of the cellular structure.

Table 2. Chemical compositions of cladding layers. The grey rows distinguish the compositions of
the two MEA layers.

Specimen Cladding Layer Ti (at.%) Nb (at.%) Ta (at.%) Zr (at.%)
G Ci-Ly 76.39 23.61 / /
Ci-Ly 54.53 45.47 / /
Ci-Ls 33.44 34.97 / 31.59
C Co-Ly 79.77 / 20.23 /
Co-Ly 60.07 / 39.93 /
Cs-Ls 36.59 / 31.88 31.53

In the same way, the transverse cross-section and the corresponding element analysis
of the C; specimen are shown in Figure 5. The two transition layers were about 400 um
thick in all, and the top surface layer was 530 um thick (Figure 5a). Likewise, the existing
unmelted Ta powders were caught in the transition layers, and the component elements
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Dendrite structure

were uniformly distributed in each cladding layer, as shown in Figure 5a,b. The component
quantification of each layer is listed in Table 2, and a near-equiatomic Tizg 50 Tazs 502131 88
(at.%) MEA cladding was obtained through stepwise laser cladding. The TiTaZr MEA
cladding was composed of a single BCC solid-solution phase without any precipitation
observed as well (Figure 3a). Different from the TiNbZr MEA layer, the subgrain mi-
crostructure of the TiTaZr MEA layer turned from cellular to dendritic. In Figure 5c, the
typical dendritic structure can be observed in the Cy-L3, with developed dendrite and even
secondary dendrite arms. The inter-dendritic regions amongst the dendrites imply that
composition segregation occurs in the solid solution. Figure 5d points out the segregation
of the component elements; the Ta elements (3290 K) were mainly concentrated in the
dendrites, while the Ti and Zr were enriched within the interdendrites, conforming to the
laser-introduced non-equilibrium solidification phenomenon. Compared with the cellular
structure of the TiNbZr cladding layer in Figure 4c at the same magnification, the dendrite
structure of the TiTaZr cladding layer (Figure 5¢c) showed a denser substructure.

Interdendrite
,

Figure 5. Microstructure and component distribution of the C, specimen. (a) A cross-sectional SEM
image of the overall morphology; the inset shows the transition layers at a higher magnification.
(b) The corresponding EDS mapping of the cross-section. (c) The dendrite structure in the top surface
layer; the inset shows the dendrite and interdendrite at a higher magnification. (d) The EDS elements
mapping of the magnified view in the boxed region of the dendrite structure.

Figure 6 shows the EBSD characterizations of the claddings with the Ti substrate in
the C; and Cp specimens. The EBSD phase maps related to the cross-sections in Figure 6a,e
verify that the cladding layers were composed of a complete BCC phase, while the Ti
substrate remained in the HCP phase, consistent with the XRD results in Figure 3a. The
inverse pole figure (IPF) maps in Figure 6b,f reveal that the two obtained MEA cladding
layers consisted of irregularly shaped grains without a preferred orientation (the overall
IPF maps including the boxed regions A and B are presented in Figure S1), different from
other laser fabricated alloy systems like NiTi with a specific crystal orientation that was
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reported previously [41]. The average grain sizes of the TiNbZr layer and the TiTaZr layer
were measured to be 45.04 £ 28.71 um and 7.46 4 11.53 um, respectively (the grain size
distribution histograms can be observed in Figure S2). The statistics of the latter had an
abnormal deviation, as abundant ultrafine and trivial equiaxed grains formed along the
molten pool boundaries between the coarse grains in the TiTaZr layer (Figure 6f). The
principal average grain size of the TiTaZr layer was revised to 19.35 £ 10.92 um, excluding
those ultrafine equiaxed grains. Indeed, the substitution of Ta for Nb markedly decreased
the grain size. H. Dobbelstein et al. conducted a contrast experiment to identify the factors
affecting the grain size of additive laser-manufactured TiZrNbTa HEA alloys and drew a
conclusion that the chemical segregation of Ta gave rise to a decrease in grain size [37]. The
corresponding Kernel average misorientation (KAM) maps that showed that the residual
strains induced micro stress inside the grains are shown in Figure 6c and g, respectively.
The KAM map of the TiNbZr layer revealed a uniform distribution with a relatively low
average value of 0.43°. In contrast, the TiTaZr layer showed a higher average value of
0.55°, implying a higher and concentrated residual stress. In addition, the KAM value
particularly increased within and alongside the ultrafine equiaxed grains, suggesting a
remarkable stress concentration in these regions [42]. Figure 6d,h reveal that most of the
grain boundaries in the TiNbZr layer possessed high misorientation angles, indicating
limited residual stress [43], while the TiTaZr layer had a more dispersive grain boundaries
angles distribution with some amount of low misorientation angles. This is consistent
with the fact that the colors indicating orientations were uniform inside individual grains
in Figure 6b but presented a slight orientation gradient in Figure 6f. Meanwhile, the
complicated orientation relationship among the ultrafine equiaxed grains also gave rise
to more disordered misorientation angles. Generally, fine grain size and high stress state
both led to the strengthening of materials [44], as these microstructure differences would
be reflected in the corresponding hardness.

- - - Random case'

o

w

»

10 2 30 40 50 60
Misorientation angle (°)

(h)5 - -Random case|

w

»

0 10 20 30 0 50 60
Misorientation angle (°)

Figure 6. EBSD characterizations. (a,e) EBSD phase maps of the C; and C,, respectively. (b—d) IPF
maps, KAM maps, and misorientation histograms of the boxed region A in Figure 6a and (f-h) the
boxed region B in (e).

3.2. Hardness and Wear Resistance

Figure 7 shows the microhardness distribution of both cladding specimens along the
depth direction. The average hardness value of the TiNbZr layer was 450 &= 30 HV(, and
that of the TiTaZr layer was up to 513 &+ 27 HV 5, about 2.6 times and 3 times that of the
pristine Ti specimen (170 & 11 HV,), respectively. Obviously, the hardness of the TiTaZr
layer was ~60 HV or ~13% higher than that of the TiNbZr layer. As mentioned above, the
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higher hardness is closely related to the finer grain sizes and higher residual stress in the
TiTaZr layer.

600
—— TiNbZr

——TiTaZr

500
Transition layers

400

s00l MEA layer Ti substrate

Hardness (HV)

200

0 200 400 600 800 100
Depth (um)

100 v L
1200 1400 1600

I
:
1

0

Figure 7. Hardness distribution along the depth direction.

After the wear test, the 3D worn surface morphologies of the specimens were recon-
structed. As shown in Figure 8, the wearing depth of the Ti specimen was remarkably
deeper compared to those of the two MEA layers. Severe adhesive wear and large surface
plastic deformation were observed on the worn surface of the Ti specimen, while the
two MEA layers were just slightly and homogeneously worn, with much narrower and
shallower tracks. An extensive worn scar about 1169 um in width with severe grooves was
observed along the sliding direction on the Ti specimen in Figure 9a. In addition, many
adhesive layers and deep furrows were formed due to the ploughing of the friction pair.
For materials with low hardness, they always undergo severe plastic deformation and
loss of substance during friction sliding under the combined action of normal force and
tangential force. Therefore, the wear mechanism of the Ti specimen was primarily adhesive
wear, which is universal in soft and ductile materials. In contrast, the worn morphologies
of the TiNbZr and the TiTaZr layers were relatively smooth and slight, with a wear scar
depth of 359 pm and 340 pm (Figure 9b,c). The amounts of adhesive layers decreased
dramatically, due to the reduction of plastic deformation. Instead, some debris occurred on
the worn surface, indicating the presence of three-body abrasion wear (Figure 9a’—c’). The
wear volumes of the Ti specimen, the TiNbZr layer, and the TiTaZr layer were measured to
be 1.56 x 107, 0.36 x 107, and 0.24 x 107 pm3, respectively. The wear rates of the Ti speci-
men, the TiINbZr layer, and the TiTaZr layer were calculated to be 2.08 x 1074, 0.49 x 1074,
and 0.32 x 107* mm3-N~1-m~!, respectively (Figure 10). Indeed, both the MEA layers
possessed improved wear resistance compared to the pristine Ti, and the TiTaZr layer per-
formed best. According to Archard’s law [45,46], the wear resistance of materials correlates
with their surface hardness. Thus, the hard MEA layers of the cladding specimens were
responsible for the reduction in wear rate, and the TiTaZr layer with the higher hardness
possessed better wear resistance compared with the TiNbZr layer. Owing to the higher
hardness, the TiTaZr layer had a less worn scratch and tiny debris compared with the
TiNbZr layer, revealing the best wear resistance in this work. The main wear mechanisms
turned from adhesive wear to abrasive wear after laser cladding the HEA layers.
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(b)

Figure 8. 3D worn morphologies across the wear track. (a) Pure Ti; (b) TINbZr MEA cladding; and
(c) TiTaZr cladding layer.

Sliding direction
Sliding direction
Sliding direction

100 ym

Figure 9. Worn surface morphologies. (a,a’) Pure Ti; (b,b") TiNbZr MEA cladding; (c,c’) TiTaZr

MEA cladding.
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Figure 10. Wear volumes and wear rates of the pure Ti and the two MEA cladding layers.
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4. Discussion
4.1. Phase Formation in the MEA Cladding Layers

Based on the XRD analysis and the EBSD results, both the MEA cladding layers
consisted of a single BCC solid-solution phase that was different from the HCP phase of the
Ti substrate, which meets the expectation for the experimental design. In previous works,
many researchers have been devoted to predicting the phase formation in multicomponent
alloys (HEAs or MEAs), and several quantitative criteria have been considered to be useful.
Atomic size plays an important role in both the Hume-Rothery rules describing the phase
formation of binary systems and the Inoue principle describing the formation of bulk
metallic glasses [47,48], and it is still functional in multicomponent systems. The atomic
size difference is expressed as Equation (2):

o= \/ Y (1= di/ L ) @

where x; and d; are the atomic percentage and atomic radius of the ith element. In addition,
Zhang et al. proposed a () parameter to express the coupling effect of mixing entropy and
enthalpy on the stability of multicomponent solid-solution alloys [49]. The () parameter is
defined by Equation (3):

. TmASmix

O = _Mmoemix
|AHmix|

®)

where Ty, ASix, and AH,,;, are the melting point, the mixing entropy, and the mixing
enthalpy of the alloys, which are defined by Equations (4)—(6), respectively:

N
Ty = Zizl xi(Tm)i 4)
N
ASmix = _RZi:l xiln X (5)
N .
AHmix = Zizl,i%j 4AH741EXXZ'X]‘ (6)

where (T},); is the melting point of the ith element and AH'}Y is the mixing enthalpy of
binary liquid AB alloys. R is the gas constant (8.314 J-K~!-mol~!). When the parameter ()
and ¢ satisfy () > 1.1 and J < 6.6% concurrently, multicomponent alloys tend to present a
stable single solid-solution phase.

The crystal structure information of multi-component solid-solution alloys is also
parameterized to optimize alloy design. Guo et al. investigated the impact of valence
electron concentration (VEC) on the phase stability in series of solid-solution HEAs, and
figured out that here was a threshold effect on VEC to control the phase preference for FCC
or BCC solid-solutions [50]. Stable FCC phases exist at a higher VEC (>8) and single BCC
phases prefer to appear at a lower VEC (<6.87). The VEC is calculated using Equation (7):

VEC=)Y" x(VEC), 7)

where x; is the atomic percentage for the ith component and VEC; is the VEC for the
ith component.

The parameters 6, (3, and VEC of the near-equiatomic MEA layers obtained in this
work can be calculated from Tables 3 and 4, and the results are presented in Table 5,
together with the parameters from the nominal equiatomic ones. Clearly, both the near-
equiatomic Tis3 44Nbsg 977131 59 and the Tizg 59 Taz; gsZr31 53 MEA systems in this work were
in accordance with the criteria for the formation of a single BCC solid-solution phase, close
to the theoretical value of the nominal equiatomic ones.
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Table 3. Characteristic parameters of Ti, Nb, Ta, and Zr elements data from [51].
Element Ti Nb Ta Zr
Tm (K) 1941 2750 3290 2128
Atom radius (nm) 0.1462 0.1429 0.1430 0.1603
VEC 4 4 5 5

Table 4. Mixing enthalpy of binary liquid AB alloys data from [52].

Ti Nb Ta Zr
Ti - 2 1 0
Nb - - 0 4
Ta - - - 3
Zr - - - -

Table 5. Parameters J, (2, and VEC calculated from the MEA layers in this work and from the
nominal ones.

ASix AH,;x 0
Components Ty (K) K 1-mol-1) (kj-mol 1) QO 0 (%) VEC
This work T133_44Nb34_97Zr31.59 2283 1.1R 2.70 7.73 442 4.35
Ti36_59Ta31,382r31_53 2430 1.1R 1.67 13.34 4091 4.32
Nominal TiNbZr 2267 1.1R 2.66 778 543 433
TiTaZr 2442 1.1R 1.77 1257 543 433

4.2. Microstructure and Corresponding Surface Properties

As disclosed in Figure 10, the increase in the hardness of both MEA layers reduced
their wear rate in comparison with the pure Ti substrate, improving the wear resistance
of pure Ti. Alloys with a BCC phase usually exhibit higher strength and hardness than
their FCC or HCP counterparts [53,54]. Thus, the BCC phase transformation in both MEA
layers certainly contributed to the significant hardening effect in this work. Meanwhile,
solution strengthening is also a prominent mechanism for enhancing materials. As shown in
Figure 3a, the leftward BCC phase diffraction peaks imply the presence of lattice distortion.
Atomic radius differences between each component in the solid-solution MEAs could
induce aggressive lattice distortion which would impede dislocation movement and result
in solid-solution hardening.

The much higher hardness in the TiTaZr layer than that in the TiNbZr layer also cannot
be neglected. First of all, the TiTaZr layer exhibited finer average grain size than the TiNbZr
layer (Figure 6). As revealed in the Hall-Petch relationship, refined grains would lead
to strengthening and hardening of metallic materials [43]. According to the solidification
theory, the solidification behavior during the laser process is mainly determined by the
temperature gradient (G) and solidification rate (R) in the liquid/solid interface of the
molten pool [55]. The crystal morphology is influenced by G/R, and the grain size is
dependent on G x R. As G/R decreases, the columnar grains transfer to equiaxed grains.
In laser-assisted manufacturing, the formation of columnar grains is usually facilitated as G
values are extremely high, up to 10> K-mm~! [56]. Nevertheless, the relatively higher laser
scanning speed (0.06 m-s™!) in this work compared to general laser cladding processes
(<0.01 m-s~!) increased the solidification rate and decreased the G /R ratio. Thereby, the
columnar grains were suppressed, changing to the irregular-shaped grains in the two MEA
layers. In addition, a finer grain size can be attributed to increased solidification rate (higher
G x R value). The cooling rate is maximal at the solidification front of the molten pool
boundary because heat directly and rapidly spreads out through the solid. In the case of the
TiTaZr layer, its much higher T}, than the TiNbZr layer and the segregation of Ta elements
with a significantly high melting point in the dendrite region inevitably gave rise to a high
degree of composition supercooling which promotes the nucleation of ultrafine equiaxed



Metals 2023, 13, 1280

13 of 16

grains at the molten pool boundary [57-59]. In the same way, finer grains than those of the
TiNbZr layer were obtained in the subsequently solidified part.

Moreover, the half-width of the main diffraction peak of the C; broadened a bit more
than the one of the C; when Nb was substituted by Ta, as shown in Figure 3b. A broadened
diffraction peak could be caused by an amorphous phase, nano-scaled crystals, and micro-
scopic residual stress. As analyzed above, theoretically, it is hard to form an amorphous
phase in these two MEA systems, and the EBSD results in Figure 6f indeed confirmed the
complete BCC crystal phase with micron-sized grains in the TiTaZr layer. Therefore, it is
reasonable that the higher existing residual stress mainly led to the broadened diffraction
peak. Subgrain structures like cellular and dendrite structures can serve as obstacles to
dislocation movement and enhance dislocation pinning along cellular walls and dendrites,
thus increasing residual stress [60]. Since it was revealed that the TiTaZr cladding layer
had obviously denser subgrain dendrite structures than the TiNbZr cladding layer, the
more concentrated dislocations which induce more stress in the TiTaZr cladding layer were
reflected in the more dispersive XRD peak and the higher KAM value, further enhancing
the hardness of the cladding layers. Compared to bulk TiTaZr (465 & 11 HV) MEA, the
increased hardness in the TiTaZr (513 + 27 HV) cladding in this work could be attributed
to refined grains and residual stress during the laser process [61].

5. Conclusions

In this work, two varieties of near-equiatomic MEA (TiNbZr and TiTaZr) claddings
were fabricated on pure Ti substrate by direct in situ alloying of element powders through
stepwise laser cladding. This stepwise cladding strategy demonstrated great efficiency and
flexibility. The results from this study are summarized as follows:

(1) The TiNbZr and the TiTaZr MEA layers fabricated by stepwise laser cladding on
pure HCP Ti substrates were comprised of a single BCC solid-solution phase with
irregular-shaped grains. The phase formation preference of the two MEA cladding
layers meets the criteria for the formation of single BCC solid-solution phase in
multicomponent alloys.

(2) The TiNbZr and the TiTaZr MEA layers possessed higher microhardness than the Ti
substrates, reaching 450 + 30 HV(, and 513 &+ 27 HV 5, respectively. The enhanced
hardness was mainly attributed to the effect of BCC solid-solution strengthening and
residual stress. The refined grains with denser dendrite subgrain structures in the
TiTaZr layer gave rise to a stronger hardening effect than the grains with cellular
structures in the TiNbZr layer.

(3) Thanks to the improvement of the surface hardness by the MEA layers, the specific
wear rate decreased from 2.08 x 10~ mm3-N~!-m~! (Ti substrate) to 0.49 x 10~*
mm3-N~!.m~! (TiNbZr layer). The hardest TiTaZr layer had the best wear resistance
with the lowest wear rate of 0.32 x 10~% mm3-N~!-m~!. The increasing hardness led
to a change in the primary wear mechanisms from adhesive wear to abrasive wear.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /met13071280/s1, Figure S1: Overall IPF maps of (a) the TiNbZr
layer and (b) the TiTaZr layer. Regions A and B are the areas analyzed in the main article; Figure S2:
Grain size distribution histograms of (a) the TiNbZr layer and (b) the TiTaZr layer.
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