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STRUCTURE AND PROPERTIES OF SURFACE LAYER OF TiNi ALLOY
SUBJECTED TO ION-PLASMA- AND ULTRASONIC TREATMENT

Abstract. The paper presents the results of research on morphology, elemental composition, microhardness, corrosion
properties of the surface layer of TiNi alloy subjected to ion-plasma (vacuum-arc method) deposition of TiN coating and
ultrasonic treatment (UT) with different number of passes (7). The SEM method showed that ultrasonic treatment provides
a significant reduction in the amount of the droplet phase on the TiN coating surface. The surface discontinuity of TiN coating
at local points was observed with an increase in the number of passes during ultrasonic treatment. The effect of combined pro-
cessing methods on the microhardness of TiNi sample was studied. It was shown that the synergistic effect can be observed
for two hardening methods. The combined strengthening method increased the microhardness of TiNi alloy (1.6 GPa in the
as-received state): due to the deposition of a TiN coating — up to 10.9 GPa, due to subsequently ultrasonic treatment — up to
14.5-18.4 GPa depending on the number of passes. For UT + TiN scheme, it was shown that the open circuit potential £, was
about —250 mV which is practically independent of the number of passes and determined by the potential value of TiN coat-
ing. For TiN + UT scheme, it was found that with an increase in the number of passes, the value of E_ . shifts towards more
negative values approaching the open circuit potential value of the TiNi sample in the as-received state (350 mV). The analy-
sis of Scanning Vibrating Electrode Technique (SVET) results showed high electrochemical compatibility of substrate (TiNi)
and coating (TiN) materials in a chloride environment with minimal current density fluctuations for the samples subjected to
UT + TiN and TiN + UT (n = 1). The proposed method for TiNi alloy treatment according to TiN + UT scheme (n = 1) pro-
motes an improvement of surface morphology and corrosion resistance.
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Huemumym mexuuueckotl akycmuku Hayuonanvnoti akademuu Hayk Berapycu,
np. I'enepana Jloonuxosa, 13, 210009, Bumeock, Pecnyonuxa beaapyco

CTPYKTYPA U CBOMCTBA HOBEPXHOCTHOI'O CJIOA TiNi-CILJIABA,
HOJABEPIHY TOI'O HOHHO-IIJIASMEHHOM U YJIBTPA3BYKOBOM OBPABOTKE

Annoranus. [IposeneHo wuccrnemoBanne MOPQOIOTHH, SIEMEHTHOTO COCTaBa, MUKPOTBEPIOCTH M KOPPO3HOHHBIX
CBOWCTB MOBEPXHOCTHOTO ¢J0s cruraBa TiNi mociae KOMOMHHPOBAHHON 00pa0OTKH, KOTOpast BKIIIOYaJla HOHHO-IIJIa3MEHHOE
(BaKyyMHO-IyTOBBIM MeTOA0M) ocaxkaeHue TiN-TOKpBITHA M yIbTpa3ByKoByto 00paboTky (Y30) ¢ pasnuyHbBIM KOJTHYE-
CTBOM TPpoXx0/10B (7). C NCTOIB30BAHUEM CKAHUPYIOIICH ICKTPOHHON MUKPOCKOIIUH YCTAHOBJICHO, UTO yJIbTPa3ByKOBas 00-
paboTKa CIIocoOCTBYET CyIIECTBEHHOMY CHIDKEHHIO KOJTHUECTBA KalelbHOH (a3bl Ha MoBepXHOCTH TiN-TIOKPBITHS, OZHAKO
C yBeJIHMUYCHHEM YHciIa IpoxonoB npu Y30 HabmiomaeTcst HapyIIeHHe CIUIOMHOCTH TiN-TIOKPBITHS B JIOKQJIBHBIX TOYKaX.
HccnenoBano BIusiHEE KOMOMHUPOBAHHON 00paboTKH 00pa3noB TiNi Ha MUKPOTBEPIAOCTh M BBISIBICH CHHEPreTHYECKHUN
3¢ dexT ABYX YHNPOUYHSIOMMNX TEXHOJIOTHH, KOTOPBIN 3aKI04YaeTcs B YBeIUYCHUH MUKpoTBepaocTH cmasa TiNi (1,6 I'Tla
B peXXMMe MMOCTaBKM): 3a cueT ocaxkaeHus TiN-mokpeitus — no 10,9 I'Tla, 3a cuet mocienyromeit Y30 — ot 14,5 no 18,4 I'Tla
B 3aBUCHMOCTH OT KOJIMYECTBA IIPOXO/O0B. YCTaHOBIICHO, 4TO Ui cxeMbl Y30 + TiN BennunHa noTeHnuana kopposuu E
MIPaKTHYECKH HE 3aBUCHUT OT YHCJIA IIPOXOJIOB, CocTaBisieT nopsiaka —250 MB u onpenensieTcs BennunHoi notennnanta TiN-
nokpeitus. Jlia cxemsr TiN + Y30 BbIsiBI€HO, 4TO € yBEIMYEHHEM YHCIIa IPOXOAOB BeIMYMHA E CMEIIaeTcs B CTOPOHY
0oee OTPUIIATEIBHBIX 3HAYCHUH, MPUOIIDKAsICh K 3HAYCHHIO oTeHnana kopposuu TiNi B coctossHuu moctaBku (—350 mB).
C ucnosip30BaHMEM MeTO/ia CKaHupytorero Budpupytomero 3ou1a (SVET) mist 06pasios, noaBepruyThix oopaborke Y30 +
TiN u TiN + Y30 (n = 1), BolsiBJIeHa BBICOKas dJIEKTPOXMMHYECKasi COBMECTUMOCTH MaTepraiioB ocHOBBI (TiNi) u HOKpBITHS
(TiN) B xJIOpHIHOHN cpene ¢ MUHUMaIBHEIMU (DIYKTYarUsiMH INIOTHOCTH TOKAa. Ha OCHOBaHMH IOJIyYEHHBIX SKCHEPHMEH-
TAJTBHBIX JAHHBIX MPEJIONKEH TeXHOJIOrndecknit mpomecc oopadborku cruraBa TiNi mo cxeme TiN + Y30 (n = 1), mo3Bos-
FOLIUI TOCTHYb CHHEPTeTHYECKOro 3¢ (eKTa ynpouHEHUs MOBEPXHOCTHOrO cios crutaBa TiNi B cOYEeTaHHUU C BBHICOKHMHU
KOPPO3MOHHBIMU CBOHCTBAMH U YIyUYIIEHHON MOP(OIOruei moBepXHOCTH.

KuroueBnbie cioBa: TiNi, TiN-nokpsiTHe, BaKyyMHO-AYTOBOE OCaXJCHHUE, YIbTPa3ByKoBas oOpabOTKa, MHUKPOTBEP-
JIOCTh, TIOTEHIINAJ KOPPO3UN
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Introduction. lon-plasma coating deposition methods have been widely used for production of bar-
rier layers and functional coatings, particularly titanium nitride (TiN). Although TiN coatings have been
shown to have positive effects on hardness, wear resistance, corrosion resistance, and friction reduction,
their biomechanical compatibility sometimes makes them less effective in medicine [1, 2].

Having high fragility, they do not always provide sufficient adhesion strength to substrate, parti-
cularly, in dynamic conditions. The coating integrity violation can cause the release of potentially toxic
elements of a substrate material (Ni, V, Al, Co, etc.) into a biological environment with their subsequent
accumulation in human tissues. For TiN coatings used in medicine, mechanical properties should be
considered. These properties must be maximally consistent with a metal substrate reducing anisotropy
of product’s properties over its thickness.

The attempts have been made to produce coatings with high hardness, fatigue wear and crack resis-
tance [3]. That applies to multilayer and composite coatings that combine hard and soft layers.

A promising method for balancing mechanical properties of a coating and a substrate is high-energy
treatment of a product surface for hardening before deposition process [4—7] or high-energy treatment of
a coating deposited on a product surface for stress relaxation and softening [8, 9].

A very wide range of effects associated with the influence of ultrasound on materials is known [4]:
structural changes, reduction of internal stresses in deformed metals, increase of plastic properties
(acoustoplastic effect), etc. Depending on frequency, amplitude, and locality, it is possible to achieve
both strengthening, softening and plasticity enhancement of a material over time. This opens up op-
portunities for ultrasonic treatment (UT) to be used not only as an independent operation for hardening
surface of metals and alloys, but also as one of operations of combined processing to prepare surfaces
for coating or improve performance properties of previously formed coatings [10—12].

The aim of the present paper was to study the structure and properties of the surface layer of a me-
dical TiNi alloy subjected to ion plasma (deposition of TiN coating) and ultrasonic treatment.

Experimental. The flat wire samples of Ti — 55.16 wt% Ni alloy (further named TiNi) with
cross-section dimensions of 0.3 X 8 mm were used for the study. The combined treatment of the samples
was carried out according to two schemes:

1) TiN coating with a thickness of ~ 1 um followed by ultrasonic treatment (TiN + UT);

2) ultrasonic surface treatment followed by coating (UT + TiN).

The TiN coatings were obtained in the Bulat-6 vacuum arc installation. We used a deposition mode
based on the calculation of the substrate temperature during ion plasma treatment [13]:

— Ti-ion bombardment at U =—-800 V, / = 100 A for 20 minutes (this treatment provides a substrate
temperature of 700 °C which corresponds to recrystallization of TiNi);

— the deposition of Ti sublayer at U =—100 V, / = 100 A for 2 minutes (the sublayer provides a higher
adhesion of TiN coating to the substrate);

— the deposition of TiN coating at U=-100 V, /=100 A, B =4 - 10! Pa for 15 minutes.

Ultrasonic treatment was carried out using an experimental installation for ultrasonic hardening and
finishing of flat workpieces developed by the authors [14], according to regimes represented in the Table.

Ultrasonic treatment regimens of TiNi samples

Parameters Designation Unit Value
Frequency /. kHz 19.5
Amplitude A um 15
Speed of sample movement relative to the tool V mm/s 6.25
Number of tool passes n — 16
Static force F, 40

The surface morphology was studied by scanning electron microscopy (SEM) using a Tescan Mira
microscope (Czech Republic). The qualitative and quantitative elemental analysis of the sample surface
was identified by X-ray spectral analyzer by Oxford Instruments Analytical Ltd (UK).

The microhardness of the TiNi samples after combined treatment was measured using a PMT-3M
device. The Vickers and Knoop indenters were used with 20 g and 2 g loads, respectively.
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Two methods were used to evaluate the corrosion properties of TiNi alloy with TiN coatings:
the measurement of the open circuit potential £_ .. and Scanning Vibrating Electrode Technique (SVET).
The tests were carried out in 0.9 % NacCl solution (a universal model medium for conducting corrosion
tests for medical devices) at room temperature for 15 hours.

Results and discussion. Morphology and elemental composition. The presence of a droplet phase
is a significant disadvantage of vacuum-arc method [15]: its presence on a coating surface leads to an
increase in roughness, in friction coefficient and, hence, a decrease in wear resistance. In addition, as
the droplet phase content increases, the number of macrodefects in the coating increases. Heterogeneity
of physical properties in the volume and on the coating surface increases due to differences in chemical
composition of the droplets and the coating. The droplet phase in the form of predominantly spherical
particles of different diameters can be observed in the SEM image of the TiN coating surface (Figure 1).

This type of surface defect was found for the TiNi samples treated according to UT + TiN scheme
(Figure 2), i.e. when the final operation was to apply a nitride titanium coating. A large variation in
droplet sizes can be observed: from submicron to ~ 20 pm. However, most of them were about 1 to 5 um
in diameter.

Figure 3 shows the surface of the TiNi sample with a TiN coating with a uniform Ti + N composition.
However, there were also defects with different elemental compositions: a droplet phase (mainly Ti), as
well as porosity with a high content of the substrate element — Ni.

Similarly, the element distribution maps were obtained for the TiNi samples after combined treatment
according to different schemes and with different number of passes during ultrasonic treatment. For
UT + TiN scheme, the observed picture was almost similar to the case considered in Figure 3. A different
picture was for TiN + UT scheme (Figure 4). No droplet defects were found which can be explained by
the intense plastic deformation of the surface layers leading to the introduction of such defects into
the coating thickness. The observed elongated areas with the high content of nickel detected can be
due to cracking of TiN coating. The similar picture was observed on the surface of TiN + UT samples
(n=3and n=06).

The presence of nickel (toxic and carcinogenic metal [16—19]) is the main factor limiting TiNi for
a broad use for medical application. In this study, we focus on the quantitative elemental analysis of
nickel. Significant differences in the dynamics of change and absolute values of nickel concentration
were found for two treatment schemes (Figure 5):

for UT + TiN scheme, a decrease in Cy; value from 8.9 wt.% (n = 1) to 2.8 wt.% (n = 6) was observed;

for TiN + UT scheme, the value of Cy; was no less than 10.2 wt.% (n = 1), and for n = 3 was 26.3 wt.%.

This confirms the earlier finding regarding the integrity of TiN coatings being damaged during
ultrasonic treatment with a number of passes > 3.

Microhardness. One of the expected results of this study was to achieve a synergistic effect via the
application of two different surface engineering methods — ultrasonic strengthening treatment and hard
TiN coating (HV > 17 GPa [20]) deposition.

f 10 pm !

Figure 1. SEM image of TiNi surface sample with TiN coating
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Figure 2. SEM images of the surface of TiNi samples after combined treatment:
a,c,e—UT+TiN; b, d, f~TiN+UT;a,b—-n=1,c,d-n=3;e,f-n=6
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10 um

Figure 3. Surface image of TiNi sample coated with TiN in characteristic X-ray in overlay
of colour fields of the substrate and coating elements

cracks in the
coating

10 ym

Figure 4. Surface image of TiNi sample subjected to TiN + UT (n = 3) in characteristic X-ray
in overlay of colour fields of the substrate and coating elements
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Figure 5. Change in Ni concentration on the surface of TiNi sample after
combined treatment depending on the number of UT passes
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Figure 6. Vickers microhardness of TiNi samples in the as-received state after heat treatment (HT),
ultrasonic surface treatment, deposition of TiN coating and their combination (a);
increase in Vickers microhardness depending on the type of surface treatment (b)

In fact, ultrasonic treatment (n = 1) of the TiNi sample in the as-received state led to an increase in
its microhardness from ~ 1.7 to ~ 2.4 GPa (Figure 6, @), and subsequent deposition of TiN to ~ 4.9 GPa.

The total increase in microhardness AHV calculated by formula (1) after treatment according to
UT + TiN scheme was ~ 190% (Figure 6, b).

AHV = (HV,— HV,)/HV,100 %, )

where HV, — microhardness of TiNi samples after treatment according to different schemes, HV|, —
microhardness of TiNi in the as-received state.

Analyzing the treatment contribution to the rise in microhardness value using TiN + UT scheme
reveals that when TiN coating is applied to the sample in its as-received state, a change in the structure of
TiNi occurs that is comparable to heat treatment process. Its value was compared with the microhardness
of the sample after heat treatment at 700 °C for 20 minutes (Figure 6, a). It was ~ 1 GPa, i.e. it was
significantly less than for the sample in the as-received state. Due to differences in TiNi microhardness
before combined treatment, for TiN + UT scheme (# = 1) the microhardness values of ~ 2.9 GPa were
obtained, different from UT + TiN scheme, the total increase (~ 200 %) was comparable (see Figure 6, b).

The obtained microhardness values were significantly lower than the hardness of traditional hard-
ening TiN coatings due to small thickness of the coating and impossibility of meeting the condition
H < 10/ [21], where H is the indentation depth, um; ~ — coating thickness, pm. This indicates that
a softer substrate has a major influence on measurement findings, and that can be avoided with much
smaller loads.

The measurement was carried out using the Knoop hardness testing with applied load of 2 g when
analyzing the influence of number of passes of ultrasonic treatment on the microhardness value of TiNi
samples (Figure 7).
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Figure 7. Dependence of the Knoop microhardness of TiNi samples
on the number of UT passes after combined treatment

Based on the obtained dependencies, the following conclusions were made:

— for the samples treated according to UT + TiN scheme, the Knoop microhardness was practically
the same for different n (9.1+9.3 GPa) and was close to the microhardness value of TiN (10.9 GPa) which
can be explained by relaxation of residual stresses arising during ultrasonic treatment due to high-
temperature exposure upon deposition;

— for the samples treated according to TiN + UT scheme, the synergistic effect of two strengthening
technologies was observed: the microhardness value of TiNi sample (1.6 GPa) first increases to 10.9 GPa
due to deposition of TiN, and subsequent ultrasonic treatment promotes its even greater growth — up to
14.5 GPaatn =1 and 18.3 GPa at n = 3. With a further increase in the number of passes, the microhardness
value remains at the same level — 18.4 GPa (n = 6).

Corrosion properties. Figure 8 shows the measured values of the TiNi samples open circuit poten-
tial £, ,, following different treatments. The value of E_ ., for TiNi shifted to the area of more positive
values after treatment in comparison with in the as-received state, where E_ .. = —350 mV. Following the
application of TiN + UT (n = 1), the sample shift (AE,,,, = 140 mV) was found.

The study of the dependence of the £, value on the number of UT passes for UT + TiN scheme
(Figure 9) showed that it was practically independent of n (250 mV). For TiN + UT scheme with
n =1, the E_,, value was = -220 mV (see Figure 8). The value of £, shifted towards more negative
values as the number of passes increased, approaching the value of the open circuit potential of the TiNi
sample in the as-received state.

SVET is used to study electrochemical activity of the material at the micro level. The tests were
carried out according to [22]. The current density distribution on the surface of the TiNi samples
(Figure 10) shows significant inhomogeneity only for the TiN + UT sample (n = 3), which, as mentioned
above, results from the destruction of the integrity of TiN coating at local points.

E . mV TiNi
0

-50 -

-100 +

-150

-200 -

-250 A

-300 A TN

TIN+UT T

-350

as recieved UT+TiIN

-400 -

Figure 8. Open circuit potentials of TiNi samples after UT (n = 1), TiN coating deposition and their combinations
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Figure 9. Dependence of the E_,,, value of TiNi samples on the number of UT passes after combined treatment
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Figure 10. Current density distribution (uA / mm?)
on the surface of TiNi samples after exposure to 0.9% NaCl solution

The defective areas had more electronegative potential compared to the rest of the study surface.
The samples of UT + TiN and TiN + UT (n = 1) demonstrated high electrochemical compatibility of the
substrate and the coating material in a chloride media with minimal fluctuations in current density.

Conclusions. The surface morphology and the distribution of elements in the surface layer of the
TiNi samples after combined treatment according to UT + TiN and TiN + UT schemes were studied.
The macroparticles of the droplet phase with an average diameter of 1 to 5 um were found. The subse-
quent ultrasonic treatment has been shown to significantly reduce the amount of the droplet phase. With
an increase in 7, cracking is observed on the surface of the TiN coating. The quantitative analysis of
nickel content showed that the value of Cy; varied from 8.9 wt.% (n = 1) to 2.8 wt.% (n = 6) for UT + TiN
scheme; it was not less than 10.2 wt.% for TiN + UT scheme.
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The effect of combined treatment of the TiNi samples on the Knoop microhardness was studied.
The synergistic effect of two strengthening methods (TiN + UT) was found. The microhardness of TiNi
was increased (1.6 GPa in the as-received state): due to deposition of TiN coating — up to 10.9 GPa, due
to subsequent ultrasonic treatment — up to 14.5 GPa (n = 1), 18.3 GPa (n = 3) and 18.4 GPa (n = 6).

The corrosion studies of TiNi after combined treatment showed that for UT + TiN scheme the value
of E. . was practically independent on the number of passes n and was about of 250 mV and deter-

corr

mined by the potential of TiN-coating. For TiN+UT scheme, it was found that with an increase in the
number of passes, the value of E_ _ shifted towards more negative values, approaching the value of

corr

the open circuit potential of the TiNi sample in the as-received state (350 mV). High electrochemical
compatibility of the substrate and the coating material in a chloride media with minimal current density
fluctuations was revealed for the samples subjected to UT + TiN and TiN + UT (n = 1).

A method for treatment TiNi according to TiN + UT scheme is proposed including:

— deposition of TiN coating with a thickness of ~ 1 pm using the vacuum-arc deposition method at
arc current of 100 A, a bias potential from —800 V (annealing at ~ 700 °C) to —100 V (deposition of Ti-
sublayer and TiN coating) and nitrogen pressure ~ 0.4 Pa;

— ultrasonic treatment at frequency ~ 19.5 kHz, amplitude ~ 15 pm, number of tool passes n = 1.

This treatment achieves the synergistic effect of strengthening the TiNi surface layer showing im-
provement of surface morphology and corrosion resistance and can find application in technological
processes for fabrication of biomedical devices from shape memory alloys.
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