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Abstract

To simultaneously obtain superior superelasticity and biological properties, single- and
multi-layer Ti-23Nb coatings were deposited on a cold-rolled NiTi substrate using laser
metal deposition (LMD). The microstructure of the single-layer coating consisted of a
cellular structure with a grid size of ~300 pum in the eutectic layer, strip structures and
prior B-(Ti, Nb) phases surrounded by the TioNi(Nb) phase in the Ni diffusion zone. In
contrast, the microstructure of the multi-layer coating consisted of o', a"’, and prior 3
phases, which arise from the partition of Nb. Compared with the NiTi substrate, the Ni
ion release concentration of the single-layer coating is reduced by 45% with similar
nano-mechanical behavior, i.e. a nanohardness, H, of ~4.0 GPa, a reduced Young's
modulus, Er, of ~65 GPa, an elastic strain to failure, H/E:, of ~0.06, a yield stress, H°/E.,
of ~0.016 GPa, and a superelastic strain recovery, #s, of ~0.3. The reduction of Ni ion
concentration for multi-layer coating after 35 days is even better at up to 62%, but at
the cost of a degradation in the mechanical properties. The LMD coatings have a high

dislocation density, and their creep is controlled by dislocation movement.
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1. Introduction

Human bone is an organized, dynamic and metabolically-active natural composite that
exhibits super-elastic properties under cyclic loading [1, 2]. The recoverable strain of
human vertebral trabecular bone can reach ~1.13% after 138 cycles (failure cycle) [3].
For mature bone, the elastic modulus and tensile yield strength show a monotonic
reduction with aging (~2% decrease per decade), leading to a substantial increase in
fatigue fracture of bones in the elderly [4, 5]. Due to their superior damping capacity,
super-elastic materials are highly recommended for orthopedic load-bearing implants
since they permit a reduction in the local stress intensity. Since the invention of nickel-
titanium alloys, they have been used in various biomedical applications, such as
endoscopes [6], orthopedic wires [7], and anastomotic rings [8]. However, nickel has
proven to be a serious health hazard [9]. Accumulation of nickel in the body through
chronic exposure to Ni-containing superelastic alloys can lead to Ni hypersensitivity
and contact dermatitis [10, 11]. In order to take advantage of superelasticity but
avoiding the Ni sensitivity issues, development of Ni-free biomedical superelastic
alloys has become a research hot spot in recent years [12, 13].

Although a number of Ni-free titanium alloys (such as Ti-22Nb-6Zr [14], Ti-
15Nb-4Mo [15], and Ti-30Zr-8Nb-2Sn [16]) have been successfully demonstrated, the
typical strain recovery of those new alloys is only ~3% owing to the small lattice
distortion during the martensitic transformation (B«»a") [17], while the stress-induced
reversible martensitic transformation (B2<»B19’) in NiTi can result in a strain recovery

up to ~8% [18]. This level of strain recovery is still far away for Ni-free titanium alloys.



Thus, substitution for NiTi alloys for medical implants and other applications of Ni-
free titanium alloys are rather limited at present. One way to reduce the toxicity caused
by long-term exposure to nickel is to deposit an inorganic biological coatings (such as
TiO> [19], hydroxyapatite [20], and bioglass coating [21]) on the NiTi alloy surface, so
that the dissolution of Ni ions into human body is prevented. However, such inorganic
coatings do not have the capacity to match the superelasticity of the NiTi substrate and
therefore will have the risk of cracking during service and releasing Ni** from the
substrate[22]. Currently, NiTi alloys are still the primary choice of superelastic alloys
in a wide range of biomedical materials [23]. Recently, it has been found that the
addition of Nb can improve the transition hysteresis and biocompatibility of NiTi alloys
[24, 25]. A series of NiTi-Nb eutectic materials with outstanding mechanical properties
have been developed, showing great potential for replacing binary NiTi alloys [26, 27],
that is, using Nb instead of Ni to alleviate the impact of nickel exposure as much as
possible without compromising material properties.

A promising solution to take advantage of superelastic NiTi material while
avoiding the unreliable inorganic coatings is to apply a thick layer of a strong and
coherent TiNb coating on a NiTi substrate using laser metal deposition (LMD). LMD
uses coaxial powder feeding accompanied by in-situ laser melting and has been applied
extensively in coating preparation [28-30]. This technology is also known as a 3D
printing technology, which is capable of producing 3D components layer by layer.
Because the metallic powders are completely melted by the laser beam, they have

excellent bonding to the substrate and a low diffusion from the substrate [31]. Therefore,



Ti-Nb coatings deposited on a NiTi substrate are proposed here to improve the
biocompatibility while preserving the substrate’s superelasticity.

During the laser melting process, the peak temperature of the molten pool can
reach over 3000 K, after which the liquid metal undergoes ultra-fast cooling of 10% -
10* K/s. The latter quenching is followed by a cyclic re-heating due to consecutive
deposition in adjacent layers [32-34]. Because of this thermal history, hierarchical
heterogeneous microstructures at different length scales are formed [35, 36].

The molybdenum equivalency (Mo.,) reflects the capability of an alloying element
to stabilize the B phase. It is calculated from Mo., = 0.28Nb in Ti-xNb binary alloys (x
refers to Nb concentration in weight percentage, wt.%). When the calculated Mo, value
is larger than 10 wt.%, the metastable B phase can be retained at ambient temperature
[37, 38]. Recent studies have confirmed that the Ti-xNb (x >34 wt.%) alloys produced
by selective laser melting (SLM) are dominated by coarse columnar 3 grains [39, 40].
Nano-scale elemental segregation, which is inevitable in additive manufacturing, may
promote the formation of metastable phases, e.g. o', a”. For example, the o’ martensite
phase is enriched in vanadium in SLM Ti-6Al-4V alloys [41, 42]. The thermal cycling
in SLM processing may induce in-situ decomposition of the metastable o' phase [43,
441, as the consecutive laser melting in neighboring area heats the material. Although
the peak temperature during this cyclic heating can exceed the martensite
transformation temperature (Ms), for less than five thermal cycles decomposition of the
metastable phases and recrystallisation may only occur to a trivial extent, and therefore

can be largely ignored [45]. The exact microstructure of Ti-23Nb coatings (at.%, 36.7



wt.%) produced by LMD remains unclear, particularly in the presence of Ni diffusion
from the substrate.

The deformation of human bone under a static load for a prolonged period is a
time-dependent irreversible process. This kind of micro-deformation (i.e. creep
deformation) is the precursor for the formation of bone cracks. The ability to inhibit
creep deformation is regarded as one of the critical indicators for medical implants [46].
It is quite difficult to investigate the creep behavior of thin coatings through traditional
uniaxial tension or compression tests. As an effective and non-destructive method to
evaluate the deformation behavior, nanoindentation has been progressively applied in
recent years [47-49]. However, the creep behavior of LMD TiNb coatings has rarely
been reported.

In this study, both single- and multi-layer Ti-23Nb coatings were deposited on
NiTi substrates using LMD, and the microstructural evolution, nanomechanical
properties, and creep behavior between substrate and coatings were systematically

investigated. Nickel ion release tests of the substrate and coatings were also performed.

2. Experimental

Single- and multi-layer Ti-23Nb (at.%) coatings were successfully deposited onto a
cold-rolled Ni-49Ti substrate (at.%) using an LMD machine equipped with an MFSC-
S00W fiber laser system (Maxphotonics Inc., China). Multi-layer coatings were
produced by repeating three single-layer processes to minimize the solid-solid phase

transformations. The actual composition of the coatings was 22.51 Nb and 77.49 Ti



(at.%), measured through inductively coupled plasma mass spectrometry (ICP-MS,
Thermo, USA). The laser power, scanning speed and layer thickness were set at 350 W,
2.0 mm s and 500 pm, respectively. The processing was performed under flowing
high-purity argon with a flow rate of 25 L min!. Details of other processing conditions
are described elsewhere [50].

The microstructures of the coatings were examined using a scanning electron
microscope (SEM, FEI Quanta FEG 250). A transmission electron microscope (TEM,
FEI Talos F200X), operated at an acceleration voltage of 200 kV and equipped with an
energy dispersive X-ray spectroscopy (EDS) detector, was used to further characterize
the phase constituents. Selected area electron diffraction (SAED) was used to determine
the phases present and their orientation relationships. The elemental distribution was
examined using EDS in STEM mode.

The nanohardness (H) and reduced Young's modulus (£;) were obtained by the
conventional Oliver-Pharr method using an Ultra Nano Hardness Tester (UNHT) with
a Berkovich indenter [51]. A peak load of 40 mN was applied at 60 mN/min and held
for 15 s after reaching the maximum value. Each measurement was repeated at least 5
times to ensure the consistency of data. For room temperature creep tests, the load-
holding time was extended to 600 s.

To examine the Ni ion release, coated samples were cut into 1 cm? squares and
cold mounted in epoxy resin to only expose the defined area. The samples were then
immersed in 4 ml of simulated body fluid (SBF) at 310 K. The nickel ion concentration

of the different samples was detected after immersion for 1, 7, 14, 21, 28, and 35 days



using ICP-MS of the liquid. The nickel ion concentration per square centimeter (Cn)
was extracted from the released nickel ion mass divided by the exposed area, S, i.e. Cn
=m/S = nV/S, where n is the nickel ion concentration and V'is the volume of the solution

(4 ml).

3. Results

3.1 Microstructure evolution of Ti-23Nb coatings produced by LMD

Figure 1 shows secondary electron (SE) images of the single- and multi-layer Ti-23Nb
coating produced by LMD. Figure 1a is a side view image of the single-layer coating,
which consists of three parts: NiTi substrate, eutectic layer and Ni diffusion zone.
Figure 1b is an enlarged view from Fig. 1a. The eutectic cellular network with a grid
size of ~300 um can be observed. It is clear that fine spherical particles are formed at
the cells boundary, and finally grow into dendritic structure away from eutectic layer,
as marked by arrows. The top-view of the single-layer coating (Fig 1c) presents a
similar result compared with Fig. 1a, with the coexistence of both cellular and dendritic
structure. Without the influence of Ni diffusion, the prior equiaxed B grains of multi-
layer coating can be observed, as shown in Fig. 1d. There are obvious metastable phases

perpendicular (marked in Fig. 1d) to each other inside the grains.
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Fig. 1. SE images of LMD Ti-23Nb coatings: side-view image of (a) single-layer

coating, an enlarged view of area b in (a); top-view images of (c) single-layer and (d)

multi-layer coatings.

The bright-field (BF) TEM image in Fig. 2 shows the fine details observed in
eutectic cellular network. It shows a complex morphology which is dominated by B-
(Ti,Nb) cellular structures (~100 nm) with rod-shaped phase precipitates in a NiTi(Nb)
matrix. The EDS point analysis from P1 and P2 clearly shows that the Ni-containing
matrix is enclosed by Nb-enriched precipitates. A HRTEM image of rod-shaped -
(Ti,Nb) phase (~20 nm width) and corresponding enlarged HRTEM of area ¢ are shown

in Figs. 2b and c. It shows that the interplanar spacing for the (110) plane is 0.233 nm



for the B-(Ti,Nb) phase and 0.226 nm for the NiTi(Nb) phase. A high density of misfit
dislocations exists on the phase boundary (PB) due to the lattice mismatch. An SAED

pattern from the B-(Ti, Nb) phase highlighted in Fig. 2b is shown in Fig 2d. The pattern

is consistent with a BCC crystal structure viewed along <110>.
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Fig. 2. (a) BF-TEM image taken from eutectic layer; (b) HRTEM image of eutectic
cellular network; (c) HRTEM image of the PB between NiTi(Nb) and B-(Ti, Nb), an
enlarged view of area c in (b); SAED pattern along [0-11] B zone-axis; P1 and P2 are

the corresponding EDS point analysis results.

The TEM images in Fig. 3 present the microstructure taken from the Ni diffusion
zone. It is evident in Fig. 3a that high melting point solutes (Nb-rich) are first
precipitated as primary B-(Ti, Nb). They are approximately 500 nm in diameter. Figure
3b, an enlarged view of area b in Fig. 3a, shows a BF image of the primary B-(Ti, Nb)

and the Ti2Ni(Nb) matrix. The corresponding SAED patterns in S1 and S2 show the

10



BCC phase (precipitates) viewed along [001] and the FCC phase (matrix) viewed along
[-114], respectively. The PB between the precipitates and matrix is shown in Fig. 3c.
Of particular interest is that the strip structure in Fig. 3d (an enlarged view of area d in
Fig. 3a) is formed near the primary B-(Ti, Nb) phase. The width of transition zone
between these two phases is approximately ~250 nm. The EDS mapping results for Nb
and Ni given in Fig. 3a indicate that the formation of aforementioned Ti>Ni(Nb) matrix
in the transition zone is depleted in Nb. The solidification process is dominated by
thermodynamics in this case. Away from the transition zone, the concentration of nickel
and niobium reaches equilibrium again, i.e. the melt forms the eutectic strip structure

upon solidification.

" B=(Ti, Nb)

[001] B-(Ti, Nb)

Fig. 3. BF-TEM image taken from (a) the Ni diffusion zone and corresponding STEM-

EDS elemental maps; (b) BF image of the primary B-(Ti, Nb) and Ti>Ni(Nb) matrix, an

11



enlarged view of area b in (a), S1 and S2 are corresponding SAED results; (c) HRTEM
image of the PB between the B-(Ti, Nb) and Ti2Ni(Nb) phases; (d) BF image of strip

structure and corresponding STEM-EDS elemental maps, an enlarged view of area d in

(a).

The typical TEM microstructure in Fig. 4 shows details of the multi-layer Ti-23Nb
coating, i.e. a polycrystalline microstructure with numerous nanoscale orthogonal
acicular precipitates inside the grains. The corresponding SAED pattern, obtained along
[100]s from area b in Fig. 4a, corresponds to the following orientation relationships:
<100>p // <100>¢ and {011}p // {020}4". An HRTEM image of the coherent interface
between o and B-matrix is shown in Fig. 4c. The upper-left corner shows the a” phase,
while the lower-right is the  phase. The lattice spacings of the (020) and (00-1) planes
of the a” phase are 0.235 and 0.485 nm, respectively. The interplanar spacing of the
(011) plane in the B phase is 0.234 nm. The relationship between the lattice constants
of the a” and B phases is: ap = ao* = (1/2)! bar = (1/2)! ¢, indicating that the Bain strain
between these two phases is very small.

Figure 4d is an enlarged view of area d in Fig. 4a, showing an HRTEM image
taken from a grain boundary (GB). The corresponding SAED pattern in Fig. 4e shows
the HCP structure viewed along [0001]. Misfit dislocations are present at the interface
of the {002}y and {11-20},. Thus, the GB is composed of o' phase and two-phase
boundaries (a'-a"”). Figure 4g presents an HRTEM image of a {111}, twin viewed

along [101]a~. The {111} twin was further verified by the FFT pattern shown in Fig. 4h.
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In addition to the coherent twin boundary (CTB), a {020}wm // {111}t (basal-pyramidal,
BPy) step can also be observed. The measured angle between the {020}, plane in
{111}4twinis ~126°, which is slightly larger than that of {10-11},twin with 124° [52].
Figure 4i is the corresponding Fourier-filtered HRTEM image of the twin boundary,
where the honeycomb structure with an ABCD stacking sequence can be clearly
observed along [101]q. Figures 4j-1 presents a HAADF-STEM (Z contrast) image with
corresponding EDS maps of Ti and Nb. The results illustrate that the Ti content in the
a’ lath in the GB (up to 95 at.%, characterized by EDS point analysis) is higher than
that in the acicular precipitates embedded in the B matrix, which is consistent with the

difference in brightness.
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Fig. 4. Typical TEM microstructure of the Ti-23Nb multi-layer coating: (a) BF image;
(b) SAED pattern along [100] B taken from area b in (a); (¢c) HRTEM image along [100]
B; (d) HRTEM image taken from the GB, an enlarged view of area d in (a); (¢) FFT
pattern of area e in (d); (f) an enlarged HRTEM image of area f in (d); (g) HRTEM
image of the {111} twin boundary; (h) FFT pattern taken from (g); (i) corresponding
Fourier-filtered HRTEM image of the twin boundary; (j) HAADF image and (k-

)corresponding EDS maps.

TEM inspection was used to identify the phase evolution of o and 3 phases within

14



the grains. The HAADF image and corresponding EDS maps in Fig. 5a-c show clear
segregation of Ti and Nb. An EDS scan along the red line shown in Fig. 5a clarifies the
specific composition of the "’ and  phases. The Ti content of the o’ phase is about 90
at.%, which is slightly lower than that of o’ phase at the GB (Fig. 4d). The Nb content
of the B phase is about 40 at.% (~56.4 wt.%) with a molybdenum equivalency (Moe,)
value of 15 wt.% (>10 wt.%). Thus, the formation of o phase is attributed to the lack
of Nb caused by the elemental segregation. An HRTEM image of the Ti-rich acicular
precipitates and Nb-rich matrix is shown in Fig. Se. The interface between these two
phases is incoherent. The FFT pattern with corresponding Fourier filtered HRTEM
images (Fig. 5f and g) shows the typical a” feature in the Ti-rich zone. The Nb-rich 3
matrix is confirmed by the FFT pattern (Fig. 5h, taken from Fig. 5e) and corresponding

Fourier-filtered HRTEM images (Fig. 51).
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Fig. 5. (a) HAADF image showing the o' and B phases of the multilayer Ti-23Nb
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coating; (b-c) corresponding EDS maps; (d) EDS line scan from red line in (a); (e)
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HRTEM image of o and P phases; (f) and (h) FFT patterns of areas f and h in (e); (g)

and (i) corresponding Fourier-filtered HRTEM images.

3.2 Nanoindentation hardness and creep

Typical load-displacement curves of the NiTi substrate, the single-layer and the
multi-layer coatings under a 40 mN indentation load are presented in Fig. 6a. The
difference in indentation depth and initial unloading contact stiffness among these
samples can be easily distinguished. The average nanohardness (H) and reduced
Young's modulus (E;) are shown in Fig. 6b. Compared with the cold-rolled NiTi
substrate (H =4.3 + 0.4 GPa, E;=67 + 4 GPa), which is dominated by the B2 phase, the
single-layer coating containing -(T1,Nb) exhibits similar nanomechanical behavior (H
=3.9 £ 0.3 GPa, E;=63 + 2 GPa). The H and E: of multi-layer coatings are 3.3 £ 0.2

and 82 + 4 GPa, respectively.

(a) (b) ® -
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Fig. 6. (a) Load-displacement curves and (b) H and E; values of the single- and multi-layer coatings

and TiNi substrate.

Figure 7a shows typical displacement-time creep curves for the NiTi substrate and the
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multi-layer coatings. It is clear that the curves are composed of three parts: loading,
creep and unloading zones. Figure 7b is an enlarged view of the creep zone, showing
the transition from the initial accelerated creep to the steady-state creep in spite of the
fluctuations in displacement. The creep zone curves can be fitted using an empirical
formula [53]:
h = ho + a(t-to)” + kt (1)

where /g and to are the initial displacement and time, respectively, and a, b, and k are
fitting constants. The initial position of the creep zone is set as the origin. Thus, the
values of &g and ty are assigned to zero. The depth of multi-layer coating increased
sharply after holding for 400 s, indicating two different creep stages. Fitted lines are
shown in Fig. 7b. The strain rate £ can be calculated from the ratio of the instantaneous
rate &' and 4, where the /' is the first derivative of 4. The stress (o) was calculated from
the peak load Pmax divided by the contact area 4., where A.is defined as 24.54%, for an
ideal Berkovich indenter [54]. Then, the stress exponents # can be calculated by linearly
fitting the part of steady-state creep according to formula:

__d(ng)
" d(Ino) @)

The corresponding logarithmic plots of strain rate versus stress curves are presented in
Fig. 7c and 7d. The n values of multi-layer coating and substrate in steady-state are
calculated to be ~8.5 and ~5.8, respectively. Besides, the n value of multi-layer coating

for stage 1 is ~47.

17



800
(a) (b) .
700 4 The creep zone 40 A Multi layer
e = NiTi substrate
—~ 6004 - fitted line
€ [
£ £ 304
£ 500 =
5] o 5
£ N £
8 400 o8
o) 5 | & 201
5 S e ©
% 3004]o Multi layer 3 8
o § —— NiTi substrate S | &
2004 2 £ 10 4
£
®
1004 8
(V]
£
0 T T T T T T T 0 T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600
Time (s) Time (s)
-6.84
(c) . (d) -
6.6 4 TiNb = NiTi substrate
L
o
o ~ -6.86 g
: //’ q L
P ]
§ 6.8 n=85 = n‘-
) L Stage 2 = o
8 7 ¢ < "
E b il x
% 7.6 £ 688 n=58 ..l
g £ A
€ "
n=47 {:'
Stage 1 n
7.8 6.90 4
6.90 " ” -
1.20 1.21 1.22 1.23 1.24 1.25 0.21 022 0.23
In(Stress) (In(GPa)) In(Stress) (In(GPa))

Fig. 7. (a) Creep curves as a function of time (s) for the NiTi substrate and multi-layer
coatings; (b) an enlarged view of the creep region in (a) and the corresponding fitted
lines; the In (strain rate) versus In(stress) plots: (¢) multi-layer coating and (d) NiTi

substrate.

3.3 Ion release behavior

The release of nickel ions is the critical indicator to measure the biological safety of the
alloys. Figure 8 shows the released nickel ion concentration per square centimeter
obtained from NiTi substrate, single- and multi-layer coatings immersed in SBF after
1, 7, 14, 21, 28, and 35 days. The highest Ni ion release concentration of the NiTi
substrate can be observed at the 14" day, and then it drops to the normal release level

(~0.3 mg cm™) during the subsequent immersion process. Both single- and multi-layer
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coatings show good ability to inhibit the release of Ni ions. The Ni ion concentration
accumulation for the single-layer coating after the 1%, 714%™ 21% 28% and 35" days
is reduced by 45%, compared with the ion release concentration from the NiTi substrate.
The Ni release rate of these two materials remains ~0.3 mg cmday™! without obviously
drop after 21 days immersion. For the multi-layer coatings, the release of Ni ions can
be reduced up to 62% compared with the NiTi substrate. The release of Ni ions shows
a continuous downward trend after 14 days, which was below ~0.2 mg cm™? after 35%
days. This impressive suppressed release of Ni ion requires the sacrifice of the

mechanical properties, including hardness, Young's modulus, and superelastic

properties.
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Fig. 8. The concentration of nickel ions released from NiTi substrate, single- and multi-

layer coatings after 1, 7, 14, 21, 28, and 35 days of culture.

Figure 9 shows the SE images and corresponding EDS maps of Ti, Nb and Ni for
the NiTi substrate, single- and multi-layer coatings. A self-protective calcium phosphate
layer with cracks is evident on the surface after 35 days of immersion in SBF solution

(310 K). The Ti enrichment located at cracks can be clearly observed. This proves that
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the cracks in the calcium phosphate layer can directly reach the substrate. Compared

with the NiTi substrate and single-layer coating, the presence of Ni is hardly detected

in the multi-layer coating, while a small amount of Nb can be discerned.

Single layer Multi layer

NiTi substrate

A

100 um 5 100 um

- ‘
Ni P Ni P Ni P

Fig. 9. SE images and corresponding EDS maps of (a) NiTi substrate, (b) single- and

(c) multi-layer coatings after 35 days of immersion.

4. Discussion
4.1 Microstructural evolution

It is well accepted that the solidification morphologies and their scales during
LMD processing are primarily controlled by the local temperature gradient (G) and
solidification rate (R) and can be described by the constitutional supercooling theory
[55, 56]. The ratio of G/R determines whether a cellular or dendritic structure forms
upon solidification. The bottom region of the molten pool adjacent to the base possesses
the highest G/R, where the columnar grains dominate. In contrast, the top region is
dominated by equiaxed grains, which is consistent with microstructure of the multi-

layer coating (Fig. 1d). As for the cellular and dendritic structures in the single-layer
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coating (Fig. 1a and c¢), it is considered as metastable cellular grains, which have been
reported in SLM Al-Si [57], CoCrMo [58], and 316L alloys [59]. The GBs of this kind
of metastable phase need to be confirmed by electron back-scatter diffraction (EBSD)
[60]. Otherwise, columnar grains are difficult to observe using the SEM after polishing
and etching.

Due to the rapid movement of incident laser, a strong non-linear and
asymmetrically inclined temperature gradient is formed during LMD processing [61,
62]. Such severe melting environments may lead to strong Marangoni convection and
turn into complex cellular patterns [63]. The critical condition for the formation of this
cellular grain in LMD processing is that the solute(s) becomes immiscible with
decreasing temperature [64]. Only in this situation, the solidification behavior is
kinetically rather than thermodynamically favored. By ejecting the high-melting
temperature solute(s) into liquid phase at the solid-liquid interface, the low melting
phase occupies the cell cores and solidifies preferentially. The high-melting phase then
solidifies and surrounds the cell cores, thereby forming a eutectic cellular network. Of
course, the whole solidification process occurs in the presence of strong convection in
the melt pool. The rapid diffusion of Ni during laser melting leads to the formation of
different melting points of solute (Nb-rich) and solvent (Ni-rich), which is the
fundamental reason for the formation of cellular structure.

The diversity of the microstructure in the eutectic layer and Ni diffusion zone is
ascribed to the difference in the number of components in the alloy system during

solidification [64]. Once the binary or multicomponent alloy system fails to produce a
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binary system of solute (high melting point) and solvent (low melting point) during
solidification, the cellular structure dominated by kinetics cannot be formed. In the Ni
diffusion zone, since the solute is greater than 1, the extra Nb-rich solute (high melting
point) preferentially precipitates as primary -(Ti, Nb), as shown in Fig. 3b. Then after
the remaining melt reaches equilibrium, the eutectic strip structure is formed, see Fig.
3d. Due to the complete miscibility of Ti and Nb, the melt cannot form a binary system
by solute segregation [65]. The melt of this unitary system is controlled by
thermodynamics in the solidification process. Thus, the top region of the multi-layer
Ti-23Nb coating is composed of equiaxed grains, see Fig. 1d.

A schematic of the single- and multi-layer coatings is shown in Fig. 10. For the
single-layer coating, the solidification structure is mainly affected by melt convection
in the eutectic layer, resulting in a eutectic cellular network composed of B-(Ti, Nb) and
NiTi(Nb) phases. In the Ni diffusion zone, the Nb-rich B-(Ti, Nb) phase precipitates
and then is surrounded by the TioNi(Nb) phase with a width of ~250 nm. Away from
the TioNi(Nb) phase, the eutectic strip structure composed of B-(Ti, Nb) and NiTi(Nb)
phases can be observed. For the multi-layer coating, the HCP structure (a') is formed at
the prior-p GB and a" colonies are generated inside the grain, which is due to the

difference in the B-stabilization effect caused by the partitioning of Nb.
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Fig. 10. Schematic of microstructures of the single- and multi-layer coatings

4.2 Mechanical properties analysis

The superior properties in the LMD single-layer coating are attributed to the
substantial cellular subgrains and high dislocation density caused by the high cooling
rate and Marangoni convection. It has been proven that the evaluated E: for metastable
phases follow the sequence of Eq > Eqr> Ep [66]. Compared to single-layer coatings,
the E; increase of nearly 20 GPa in the multi-layer coating arises from the formation of
o'and o” phases. The titanium martensite is mainly composed of substitutional

supersaturated solid solution with limited strengthening effects. The o’ and a” phases
are even softer than the a phase. In the Ti-Fe binary system, the nanohardness of the a
phase is lower than that of the B phase by more than 1 GPa [67]. This means that the
stress-induced martensitic transformation can impair the mechanical properties of
multi-layer coatings. In addition, it has been proven that the dislocation motion can be
pinned by such ultrafine eutectic structures in single-layer coating [60]. These can

explain why the hardness of the multi-layer TiNb coating decreases comparing with the

single-layer coating.
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The elastic recovery (W./W;) and plasticity (W,/W;) indices [68] were introduced
to further clarify the deformation behavior of materials, as shown in Fig. 11a. The value
of W./ W, represents the energy released by the materials after unloading, while the value
of W,/W; represents the energy absorbed. They reflect the deformation tendency of
materials after being loaded. For NiTiNb superelastic alloys, high W./W; values indicate
that the material has excellent elastic recovery ability. In general, the E; of materials is
related to their H. The high E; denotes good elastic recovery ability. The relatively lower
hardness in the multi-layer coatings reduces its elastic recovery ability, compared with
NiTi substrate and single-layer coatings. In addition, H/E; (the elastic strain to failure)
and H°/E? (the yield pressure) are able to evaluate the anti-wear behavior of materials
effectively [69]. It should be noted that the indicator of H/E: is not applicable in ceramic
and amorphous materials [70]. Despite their high H/E; values, they appear to be brittle
because of the covalent bonds. But this indicator is applicable for alloys, where a high
value of H/E; and H°/E;* indicate good anti-wear properties. The values of H/E; and
H*/E? are shown in Fig. 11b. The multi-layer coating with low hardness and high
modulus shows the worst wear properties. This means that except for the high Nb
content (Moe; > 10 wt.%) in the LMD Ti-xNb multi-layer coating, the lack of Nb in
nano-scale caused by segregation should also be considered.

Based on the recent work by Wang et al. [49], the indentation depths (including
maximum indentation depth, /Amax, residual depth during unloading, /4., superelastic
recovery depth, /4, and elastic recovery depth, 4er) are introduced here to reflect the

deformation behavior at various stages, as shown in Fig. 11c. Figure 11d shows the
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calculated values of total strain recovery (#:), superelastic strain recovery (#s) and
elastic strain recovery (#er). The relationship among them follows the equation as 7, =
Nse + fer. The value of 7 in the multi-layer coating is relatively low (0.31 £0.2), showing
the same trend as W./W:. The advantage of this method is that it can conveniently
characterize the superelastic behavior of the material. It is clear that the single-layer
coating maintains the same superelastic behavior as the NiTi substrate. The values of
s in both NiTi substrate and single-layer coating are higher than those of #er, indicating
that the superelastic behavior is dominant in the whole elastic recovery behavior. While
the loss of the superelastic behavior of the multi-layer coating can be observed in Fig.

11d, which might be the major reason for the reduction of #;.
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Fig.11 (a) Elastic recovery (W./W;) and plasticity (W,/W;) indices; (b) the values of H/E;
and H*/E/?; (c) indentation depths (maximum indentation depth /max, residual depth

during unloading /., superelastic recovery depth 4 and elastic recovery depth 4er); (d)
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the values of total strain recovery (7:), superelastic strain recovery (#s) and elastic strain

recovery (#er).

Pressing of indenter tip into the materials surface can exaggerate the local
strain/stress gradient, leading to the formation of dislocation-mediated plastic
deformation. The martensitic transformation is activated in the adjacent region owing
to the transfer of the strain/stress field. At this time (initial stage), the creep behavior is
dominated by dislocation-mediated plastic deformation. As the creep further progresses,
the large dislocation density caused by the incipient high strain rate decreases rapidly
until it enters the steady-state creep stage. It is well-known that the creep mechanism
can be determined by the value of n. The dominant creep mechanism is controlled by
atomic diffusion for » = 1, GB sliding for n = 2, and dislocation movement for n > 3
[71]. The n values of the NiTi substrate and multi-layer coating are higher than 3,
indicating that the creep mechanism is mainly governed by the movement of
dislocations. The second-stage creep phenomenon is probably due to the dislocation
annihilation. Due to the high cooling rate, the high density of misfit dislocations and
geometrically-necessary dislocations (GNDs, induced by internal stress) in LMD
materials are inevitable and inherent [72]. Such high dislocation densities might be
reduced through slip annihilation in the long period of creep, resulting in dynamic

softening [73, 74].

4.3 Ion release analysis
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The calcium phosphate layer can effectively inhibit the release of Ni ions for 14
days (Fig. 8). Once the local stress induced by the difference in linear expansion
coefficient is greater than the yield stress, several cracks form on the calcium phosphate
layer. Combined with the EDS mapping results, the local exposure of alloys is
considered as the main reason for the surge of Ni ion release on the 14" day. Although
the convection of the molten pool can accelerate the diffusion, the content of Ni in the
single-layer coating is still lower than that of the NiTi substrate [50]. In addition, little
Ni can be observed in the multi-layer coating. Thus, the absence of Ni near the outer

surface of the multi-layered coating can physically prevent the Ni ion release.

5. Conclusions

Single- and multi-layer Ti-23Nb coatings have been successfully produced on a NiTi
substrate by LMD processing. The coatings showed promising results in retaining the
superelasticity of the substrate and reducing toxic Ni ion release. The main conclusions
from the study are:

1. The single-layer coating has a cellular structure in the eutectic layer, i.e. B-
(Ti,Nb) and NiTi(Nb) phases, strip structure, and prior B-(Ti, Nb) surrounded by
TioNi(NDb) in Ni diffusion zone. The multi-layer coating is composed of o', a”, and prior
B phases due to the partition of Nb and the lack of Ni diffusion.

2. The single-layer coating containing B-(Ti,Nb) exhibits similar nanomechanical
behavior to the cold-rolled NiTi substrate, including the nanohardness (H, ~4.0 GPa),

the reduced Young's modulus (Er, ~65 GPa), the elastic strain to failure (H/E:, ~0.06),
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the yield stress (H*/E:?, ~0.016 GPa), and the superelastic strain recovery (s, ~0.3).

3. The formation of o' and a" in the multi-layer coating degrades the mechanical
properties, including the hardness (H, ~3.3 GPa), the Young's modulus (£;, ~82 GPa),
the anti-wear (H/E:, ~0.04; H*/E?, ~0.005 GPa), and the superelasticity (#sr, ~0.16).

4. The stress exponents of the cold-rolled NiTi substrate and LMD coating indicate
that the creep behavior is controlled by the dislocation movement. The LMD coating
exhibits the better creep resistance than the NiTi substrate.

5. Upon initial immersion, a protective calcium phosphate layer is formed that
inhibits the release of Ni ion. Compared with the ion release concentration of the NiTi
substrate, the Ni ion concentration accumulation of single- and multi-layer coatings in
1t 714%™ 21t 28% and 35" days is reduced by 45% and 62%, respectively.
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