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The aim of this work is to produce a niobium coating by vacuum-arc deposition on a TiNi-based alloy. This method has
not been studied in relation to titanium nickelide base alloys and is promising for the production of corrosion and wear
resistant coatings for medical and technical applications. The niobium coating is deposited on the semi-finished products
(wire and cylindrical specimens) made of titanium nickelide base alloy of composition Ti Ni,  (at pct) and the surface
subjected to mechanical grinding. It is stated that the obtained coating with a thickness of about 1 um possesses drawbacks,
such as ‘inherited’ surface profile formed by mechanical grinding of semi-finished products, and the drop phase, which is a
typical unavoidable defect for this type of deposition method. At the same time, the surface layer of the alloy with a niobium
coating exhibits a significantly higher microhardness (two times more) than the initial alloy. The effect of the revealed defects
on the corrosion properties and wear resistance of the alloy requires further study. Bending deformation is used to study
the mechanical behavior of the wire in the initial state and after coating deposition; it is stated that the coated wire exhibits
superelastic behavior in bending identical to the initial wire. At the same time, deposition of the coating causes the formation of
internal stress fields near the wire surface, and the effects of these fields lead to the elimination of non-recoverable deformation
in the unloaded wire accumulated in the subsurface layers under loading.
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IToryyeHne BAaKyyMHO-ZYTOBOTO MOKPBITHSA U3 HIOOMA
Ha ciiaBe Ha ocHoBe TiNi
Cenxkesny K. C.™, I'yces [I. E.!, Cutankos H. H.?, Beicotuna E. A%,

[Toxxora O. 3., Capsrues C. M.!
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BonokomamMmckoe 1iocce, 4, MockBa, 125993, Poccus
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Ilesnpio HACTOSIIIET PAOOTHI SIBSIETCS IOy YeHIe IOKPBITS 3 HUOOMS METOOM BaKyyMHO-[yTOBOTO HAIIBUICHVISI HA CIIIABe
Ha ocHoBe TiNi (HuKenyx TMTaHa, HUTHHON). DTOT METOJ, He MCCIeSOBaH IIPMMEHNTEIBHO K CIIABAM HA OCHOBE HIUKEMN/a
TUTAHA, VI IEPCIEKTUBEH ISl IIONTyIeHMsT KOPPOSMOHHO M M3HOCOCTONMKMX ITOKPBITHUIT [T MEFUIIMHCKUX U TEXHUIECKIX
npuMeHeHuit. ITokppITye M3 HMOOMA HAHOCUIN Ha HOMydabpuKatel (IIPOBOJIOKY M LVMIMHAPUYIeCKMe 00pasIibl) 13 CIUIaBa
Ha OCHOBE HMKe/uAa TuTaHa coctaBoM Ti, Ni, , MMeHNIyl MOBEpXHOCTb, CHOPMUPOBAHHYIO HPU MEXaHMIECKOM
nuQoBaHNM. YCTAaHOBIEHO, YTO IIOTIYIEHHOE MOKPBITIE TOJIIMHOM OKO/IO 1 MKM 0o6IafaeT HeJOCTaTKaMM B BUJE “HAC-
JIEiCTBEHHOTO  IIOBEPXHOCTHOIO penbeda, chOpMUPOBAHHOIO IIPY MeXaHUYeCKoil ImMpoBKe IONypadpUKaTOB CIIIaBa,
a TAaKKe TUIMYIHBIM HeM30eKHBIM [eheKTOM, HPUCYIVMIU AAHHOMY METOAY HAIIbIIEHVs IOKPBITMII — KaIlelIbHOI
¢asoit. IIpn 9TOM IOBEPXHOCTHBIN CIOJ CIUIaBa C HMOOMEBBIM IIOKPBITMEM OO/IafaeT 3HAYUTENBHO 6Gosiee BBICOKOI
MUKPOTBEPHOCTBIO (bO/Tee 4eM B fjBa pasa), 4eM MCXOMHBIN CIUIaB. Poib JaHHBIX AeeKTOB Ha KOPPO3MOHHBIE CBOMCTBA
M I3HOCOCTOMKOCTD CIIIaBA TPeOYeTCs JOMONMHITENbHO N3y4nTh. MetopmoM edopManyu mpy nsrube n3yIeHo MeXaHndecKoe
I[IOBefieHNe POBOJIOKM U3 CIUIABA B MCXOZHOM COCTOSIHVIM U C IIOKPBITIEM, U YCTAHOBJIEHO, YTO IIPOBOJIOKA C TIOKPHITHEM
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MOKa3bIBAIOT aHAJIOTMYHOE CBEPXYIIPYyroe MoBefeHMe Ipy usrube Kak ¥ IPOBOIOKA B UCXOFHOM cocTosiHyu. IIpu atom
HaHeCeHIe MOKPBITYs BbI3bIBaeT (OPMUPOBaHME BOMUSY MOBEPXHOCTU IIPOBOMIOKM BHYTPEHHUX IO/IEll HAIIPSDKEHMUIL,
HeliCTBUe KOTOPDIX IPUBOAUT IIPK PAasTPY’KEHUM IIPOBOIOKU K YCTPAHEHNMIO HEBOCCTAHOB/IEHHOI AedopManny, KoTopas
Obl/Ia HAKOIUIEHA B IIPUIIOBEPXHOCTHBIX CTIOSAX IIPU UX HATPY>KEHUNL.

KnroueBbie cmoBa: IIOKPBITHE U3 HI/IO6I/IH, CIIZTIaB C ITaMATBIO (bOpMI)I, BAaKyyMHO-IYTOBO€ HaIIblJIEHME.

1. Introduction

TiNi-based alloys are promising materials for the production
of medical implants due to their unique superelastic
behavior being similar to the elastic behavior of human
bone tissues [1,2]. One of the main reasons to restrain
more active application in medicine is the presence in the
alloy of carcinogenic nickel, which is toxic to the human
body. Despite different investigations on the biological
compatibility and corrosion resistance of titanium nickelide,
which have shown an improbable toxic reaction to the human
body [3-5], various methods of improving bioinactivity
are being studied. To solve this problem, different modes
of modifying the surface of the alloys [6-10] or coating
deposition of elements with a higher biological compatibility
and corrosion and wear resistance [11-15] are considered.
The best known are the cases of improving the corrosion
resistance of titanium nickelide base alloys by means of
biocompatible tantalum, silicon, zirconium, and titanium
coatings [9,11-14,16,17] produced by magnetron deposition
and ion sputtering or ion implantation.

An advanced method to improve the corrosion resistance
of biomaterials is the deposition of a biocompatible
niobium coating. The reports [18,19] show that the niobium
barrier coating improves the corrosion resistance of dental
implants made of stainless steel. Investigations on the
effect of the niobium coating on the corrosion resistance
of titanium nickelide base alloys have not been conducted;
however it is known that even alloying with niobium or
creation of Ti-Ni-Nb surface films improve their corrosion
resistance [20,21]. The report [22] shows that the niobium
coating on Ti-50.8 Ni at pct alloy has good adhesion strength.

The aim of the work is to produce a niobium coating on
TiNi-based alloy by vacuum-arc deposition. This method is
scarcely studied concerning titanium nickelide base alloys
and is promising for the creation of corrosion and wear
resistant coatings for medical and technical application.

2. Experimental Methods

The niobium coating was deposited on a wire with a
diameter of 2.2 mm and cylindrical specimens with a
diameter of 14 mm, made of titanium nickelide base alloy
with the composition of Ti , Ni, A (at pct), and the surface
subjected to mechanical grinding. Industrial alloy is obtained
by induction smelting, and after performing standard
operations of forming an ingot, the bulk structure of the alloy
is presented by the B2 phase matrix and inclusions of Ti Ni
intermetallic phase particles, the amount of which is about
7% of the volume fraction of the alloy (Fig. 1b). The wire of
the alloy is in the superelastic austenitic state since it has the
following martensitic transformation (MT) temperatures:
M, =-45°C, M,=-60°C, A =-30°C, A,=-12°C.

The niobium coating was deposited in an argon medium
using vacuum-arc deposition (cathode arc deposition)
through the substrate plating with the material out of the
plasma flows generated in a cathode spot of vacuum arc
of high-current and low-voltage low-pressure discharge,
which develops exclusively in vapor of sputtered cathode
materials. This method is also called arc ion plating (AIP).
Before the deposition process, ion cleaning of the semi-
finished products had been carried out in order to remove
contamination and scale residue. The deposition was carried
out at an argon pressure in the chamber of P=9-10"> mm Hg.
The temperature was 400°C. The time of the process was
as follows: 20 minutes for ion cleaning, and 30 minutes for
coating deposition.

The surfaces of the coated and uncoated wire were studied
using a JSM-6060A (JEOL) scanning electron microscope.
To study the influence of the deposited coating on the
functional properties of the alloy, the wire was subjected to
a three-point bending test (the distance between the lower
bearings of the test facility equaled 25 mm) using a TIRAtest
2300 machine at normal temperature. The stress analysis of
the wire was carried out according to the formula o=M/W
(M is the bending moment and W is the modulus of the
section). Microhardness was measured using a MicroMet
5101 device using a diamond pyramid with a load of 0.5 N.
The surface roughness was measured using a «<HOMMEL
TESTER T500» device, and the surface roughness parameters
were determined as follows: average roughness R and profile
depthR_ .

X

3. Experimental Results and Discussion

Electron microscopic analysis of the wire surface in the
initial state showed that it had a profile with parallel grooves
formed during mechanical grinding (Fig. 1a). This type of
profile can impair corrosion behavior of TiNi-based alloys.
Fig. 1c,d show outer view of the surface and surface layer
view of the wire after the niobium coating deposition has
been applied. Typical features of the AIP method can be
observed on the surface of the wire, such as traces of the
drop phase in the form of protuberances and craters, which
is a drawback of this method and can affect the corrosion
resistance of the alloy. In addition, the coating deposition
has a slightly smoothed microprofile of the surface of the
wire and linear grooves are still observed after mechanical
grinding. Measurement of roughness in semi-finished
products showed its increase after coating deposition. Thus,
in the initial state R and R__parameters of the wire equaled
0.2 and 2.14 um, respectively, and for a cylindrical specimen
are 0.09 and 1.34 pm, respectively. After coating deposition,
the surface roughness parameters (R and R__ ) of the wire
are 0.47 and 3.32 um, respectively, and for a cylindrical
specimen are 0.11 and 1.47 um, respectively. This increase in
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roughness is associated with the presence of a drop phase on
the coating surface, which is typical for the coatings obtained
by the vacuum-arc method [23].

Analysis of the structure of the surface layer in the semi-
finished products from the alloy showed that the applied
mode of vacuum-arc deposition made it possible to form a
niobium coating with a thickness of about 1 um. The results
of X-ray spectrum microanalysis (Fig.2) show that the
surface layer consists mainly of niobium (97.44 wt.pct), and
also contains a small amount of basic elements — titanium
(0.37 wt. pct), nickel (1.92 wt. pct), and iron as a technological
impurity (0.28 wt. pct).

A comparative analysis of microhardness for cylindrical
specimens of the alloy in the initial state and after coating
deposition showed that the niobium-containing surface
layer (penetration depth of the indenter 1.9 pm) exhibited

significantly higher values of hardness than the surface layer
of the initial alloy — 1100 £46 and 450 +25 HV, respectively.
The same sharp increase in the hardness of the surface layer
is typical for titanium nickelide base alloys coated with
molybdenum and tantalum [24].

Changes in the structural state of the surface layers
should have an impact on the mechanical behavior of the
alloy [24], especially when maximum strains occur on the
surface of the wire, for instance during bending. A three-
point bending test of an uncoated wire showed that the alloy
exhibited good superelastic properties at normal temperature.
The mechanical behavior of the alloy is defined by a typical
flag-shaped deformation curve with a strongly pronounced
stress hysteresis (250+350 MPa), observed between the
loading and unloading curves (Fig. 3). Such a mechanical
behavior is typical for TiNi-based alloys in the superelastic

5pm

d

Fig. 1. Structure of the TiNi-based alloy: surface view (a) and bulk structure (b) of the wire in the initial state, surface layer cross-section (c)

and surface view in the niobium coated wire (d).
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Fig. 2. Results of the X-ray spectrum microanalysis (left) for the surface layer of the niobium coated wire (right).
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austenitic state at martensitic transformation temperatures
below 0°C.

When the deformation degree exceeds its critical
value [25], equaled about 4.5%, sliding begins to develop in the
alloy, which results in the accumulation of non-recoverable
strain in the wire. Cyclic loading of the wire for 5 cycles with
a maximum deformation of 5% has a slight effect on the
superelastic behavior of the alloy, but the strain level of the
martensitic shear decreases to some extent (~80+100 MPa).

The coated wire exhibits in general a similar superelastic
behavior under bending when loading and unloading
deformation curves are practically identical to the same
curves obtained for the uncoated wire. At the same time, it
can be noted that the stresses under which direct and reverse
martensitic transformations occur in the coated wire are
approximately 50 +100 MPa lower than that for the uncoated
wire. Since the maximum strains occur on the surface of
the wire under bending, it can be assumed that the decrease
in the level of martensitic shear stresses is conditioned by
structural changes in the surface under coating deposition.
Another cause for the decrease in martensitic shear stresses
may be a slight increase in the temperature of the martensitic
transformation in the alloy caused by thermal holding during
coating deposition. It is known [26,27] that heating and
long-term holding (at least one hour) at temperatures of
about 400°C can result in structural changes connected with
the precipitation of nickel-enriched intermetallic particles,
as well as in an increase in the MT temperatures. However,
short-term holding for 30 min cannot substantially change
the MT temperatures and the superelastic behavior of the
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alloy, which is observed in Fig. 3b. This low-temperature
effect also cannot result in a change in the volume fraction
of the Ti,Ni particles and a respective change of titanium-to-
nickel percentage ratio in the matrix of the alloy, since these
particles are thermally stable up to high temperatures [28].

In addition, a change in the structural state in the surface
layers results in removal of plastic deformation accumulated
by sliding at the final stage of unloading for the coated wire
after exceeding the critical deformation during bending tests.
This is a distinctive feature of the mechanical behavior of
coated wire as opposed to that of the uncoated wire. It should
be noted that in case of loading and following unloading of
uncoated wire parts of the deformation curves corresponding
to the elastic behavior of the material coincide with each
other when the non-recoverable deformation is not observed,
and under the non-recoverable deformation these parts
are parallel. However, under cyclic loading the inclination
angle of the elastic part in the unloading curve gradually
decreases due to internal strains arising in the subsurface
layers of the wire, which are caused by the accumulation of
lattice defects in the alloy. The coated wire exhibits a totally
different behavior. When the deformation exceeds its critical
value (4.5%), the inclination angle of the elastic part on the
deformation curve under unloading is always less than that on
the curve under loading, and non-recoverable deformation
is not observed. This evidences that the coating deposition
causes the formation of internal stress fields nearby the wire
surfaces, and the effects of these fields result in the removal of
non-recoverable deformation accumulated in the subsurface
layers of the wire under bending.
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Fig. 3. Bending deformation curves: uncoated wire (a), wire with coating (b).
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Conclusions

1. The vacuum-arc deposition method has been
applied for the first time to a titanium nickelide base alloy
to produce a niobium coating with a thickness of about
1 um and high microhardness. It is stated that the coating
possesses drawbacks, such as the ‘inherited’ surface profile
formed during mechanical grinding, as well as the drop
phase being unavoidable defect typical for this method of
coating deposition. The role of these defects in the corrosion
properties and wear resistance of the alloy requires further
study.

2. The method of bending deformation is used to study
the mechanical behavior of the alloy in the initial state and after
coating deposition. It is stated that the coated wire exhibits
similar elastic behavior under bending as the uncoated
wire. At the same time, the coating deposition causes the
formation of internal stress fields near the wire surfaces, and
when the wire is unloaded, the effects of these fields result in
the removal of non-recoverable deformation accumulated in
the subsurface layers of the wire under loading.
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