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 Introduction

T
itanium nickelide is quite a widespread material in 

medicine as it combines both bioactive and bioin-

ert properties, including high corrosion resistance,

good biochemical compatibility with body tissues, supere-

lasticity and a shape memory effect [1–12]. The combina-

tion of all these properties makes titanium nickelide ex-

tremely popular in medicine.

Among the varieties of TiNi alloys, used in the manu-

facture of implants, it is especially worth noting the porous 

TiNi [7, 12]. The uniqueness of these porous materials is 

their wicking property, which is responsible for transport-

ing liquids through interconnected pore channels. But the

wettability, influencing the rate and height of lifting fluids 

in the capillaries, allows body tissues to penetrate into the 

internal structure of the material, which results in good

adhesion of the living tissue to a porous TiNi implant [13].

Under the influence of aggressive chlorine-containing 

body fluids, TiNi alloys degrade, which is one of the main 

disadvantages of these alloys, since the material destruc-

tion leads to the leaching of nickel into the organic me-

dium, surrounding this implant. Such leaching entails al-

lergic reactions and tumor appearance [2, 7, 8]. Another 

task, which is no less important, is that of improving 

biocompatibility. Various corrosion-resistant biocompat-

ible coatings are applied to the alloy to solve these two 

problems, using at the same time a variety of methods, 

beginning from the complex ones, for example, magnetron 

sputtering [14, 15], micro-arc oxidation [16, 17], and end-

ing with conventional annealing in air [18]. When the bio-

active properties of the surface are significantly improved

by means of the coating, the bioinert properties frequently 

deteriorate, since the coating does not withstand high dy-

namic loads or has poor wear resistance, offered by the 

body [19, 20]. Its integrity is violated, cracks and chips ap-

pear, which also causes the yield of metal ions that may 

influence the body negatively. However, other coatings’

biocompatibility or corrosion resistance is far from being 

the best [21, 22]. Considering all of the above-mentioned, 

creating a coating with good bioactive and bioinert prop-

erties in aggregate is really a very difficult and urgent task.

In this case, it is worth mentioning another important 

feature of porous TiNi alloys, i.e. those obtained by self-

propagating high-temperature synthesis (SHS). This fea-

ture is a thin protective oxycarbonitride layer, formed dur-

ing synthesis on the pore surfaces, which has an excellent

corrosion resistance and does not interfere with the reali-

zation of the effects of superelasticity and shape memory 

[7]. The problem of this layer is the complexity of studying

its structure and properties, since it is almost inaccessible,

being on the pore surface. Therefore, the purpose of this

work is to simulate the process of synthesizing the surface

layers, occurring during SHS on a flat TiNi substrate by 

applying the Ti/Ni/Ti nanolaminate using magnetron 

sputtering, and to study the adhesion of the obtained coat-

ings to the substrate, their strength and structure.
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Materials and methods

The creation of the test samples consisted of two stag-

es: applying the Ti/Ni/Ti nanolaminate to the TiNi sub-

strate and synthesizing the resulting coatings in nitrogen

and argon-nitrogen-carbon dioxide atmospheres.

The Ti/Ni/Ti nanolaminate layers with a total thick-

ness of 150 nm were sprayed sequentially in a high-purity 

argon atmosphere in the system of magnetron sputte ring

onto polycrystalline TiNi plates. The substrate chemical

composition included Ti = 49.72 ± 0.18, Ni = 50.28 ±

± 0.23 (at.%). The substrate with a polished surface was

cleaned using an Ar+ argon plasma ion source with a cur-

rent of 70 mA and an accelerating voltage of 3.5 kV for 10

min. The magnetrons were located directly above the sam-

ple at an angle of 45° to each other. The layers were sprayed

under the following conditions. The argon operating pres-

sure was 1 Pa, the deposition time for Ti was 75 s and 30 s for 

Ni, the discharge voltage for Ti was 350 V and 420 V for Ni.

The magnetron current for Ti was 2 A and 1 A for Ni, the

substrate temperature was equal to room temperature, the

argon consumption φAr was 35 cmr
3/min, the floating po-

tential was (≈25 V) for substrate biasing. The distance from 

the substrate to the targets was 100 mm. In these condi-

tions, the operating deposition rates were determined:

40 nm/min for titanium and 100 nm/min for nickel.

The subsequent synthesis was conducted in the SHS

mode in two atmospheres: in nitrogen and in argon-nitro-

gen-carbon dioxide. The optimal temperature regimes of 

the synthesis were experimentally selected to initiate the

reaction synthesis. SHS was initiated using point contact

heating with direct current electrodes.

The phase composition, crystallinity of the samples

with synthesized coatings, and the near-surface layers of the

matrix were studied using X-ray diffraction on a ShimadzuXX

XRD-6000 diffractometer in the Cu KαKK  radiation in the

standard mode in the symmetric Bragg-Brentano geome-

try of imaging (XRD) and in the grazing beam mode in the

asymmetric geometry of imaging (GIXRD). The quantita-

tive content of the phases, present in the coating, was esti-

mated by means of the full-profile analysis by the Rietveld

method using the POWDER CELL 2.4 software and the

PDF4+ crystalline structure databases.

To analyze the samples by means of the

transmission electron microscopy with a

resolution of up to 0.14 nm, the TiNi sam-

ples were prepared by ion thinning. The Ti/

Ni/Ti layers were sprayed sequentially. The

Ti(x)Ni(y)(N,C) coatings were synthesized

in the cross-section geometry using the EM-

09100IS Ion Slicer unit (JEOL, Japan) for 

ion cutting and polishing.

The electron microscope investigations

of thin foils were conducted by means of a

transmission electron microscope JEM-2100

(Jeol, Japan) with an accelerating voltage

of 200 kV in the modes of TEM (bright and

dark fields) and diffraction contrast.

The CSEM Micro Scratch Tester measuring unit and 

the “scratching” technique were used to determine the 

adhesive properties of the coatings. A scratch was ap-

plied on the surface of the system under study (coating-

substrate) with a diamond indentor (of the Rockwell 

type with a working part radius of 20 μm) at a speed of 

6.79 mm/min. During this process, a force (loading force) 

linearly increasing from 0.01 N to 30 N acted on the in-

dentor. The rate of the load increase was 29.99 N/min.

Gradient coatings with a thickness of 150 nm and 5 μm

were synthesized on the surface of the samples made from 

monolithic titanium nickelide of the TN-1 grade with di-

mensions of 0.2×0.2×50 mm. The samples with the coat-

ings were subject to the uniaxial tensile test till their de-

struction using an INSTRON 3369 testing machine at a 

tensile speed of 1 mm/sec at room temperature according

to GOST (State Standart) 1497–84.

Results

Fig. 2 shows the cross-section of the TiNi substrate

with alternately applied Ti/Ni/Ti layers of a total thickness 

of 150 nm. The nanolaminate coating represents alternat-

ing amorphous layers with a corresponding diffuse halo 

shown in the diffraction patterns (Fig. 2, b)bb . The nanom-

eter thickness of the sputtered layers will not hinder the 

superelastic behavior of the TiNi substrate.

As a result of synthesizing the Ti/Ni/Ti nanolaminate 

in the nitrogen atmosphere, a different coating structure 

has been formed (Fig. 3). The outer layers (I, II II andI  III) II

are represented by the gradient crystalline coating:

Gas

Ti

Ti

TiNi substrate

Ni

Fig. 1.  Schematic

representation

 of the amorphous 

nanolaminate

synthesis in the

gaseous atmosphere

50 nm

Ti

Ni

Ti

а b

Fig. 2. Bright-field TEM-image of the nanolaminate before the synthesis (a) and the

corresponding microdiffraction pattern (b)
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I by TiOII 2 + TiN; II by TiI 3Ni4 + Ti4Ni2(O,N); 

III by TiNI  (Table 1). Region I has the most I

massive thickness of about 150 nm and an 

average size of disordered grains of about

40 ± 5 nm. Since the synthesis occurred in 

the nitrogen atmosphere, titanium formed

largely just nitride compounds in outer layer I, II

whose 80% of the grains were oriented along

[200]. Regions II andI III with a thicknessI

of 50 nm are already denser and consist of 

8 ± 2-nano meter grains. Layer II is repre-I

sented by Ti3Ni4 + Ti4Ni2(N,O), where the 

Ti4Ni2(N,O) solid solution has been formed 

as a result of nitrogen dissolution in Ti2Ni, 

and the Ti3Ni4 phase has a limited abil-

ity to dissolve nitrogen (no more than 0.5 at.% 

at 900 °C). Layer III, consisting  of TiN, re-II

sults from SHS, which prevents the nitrogen 

diffusion from the atmosphere into the diffu-

sion zone (DZA and DZB), represented by 

intermetallic phases TiNi3 and TiNiO3.

Since the second sample was synthesized 

in the mixed atmosphere, consisting of argon-

nitrogen-carbon dioxide at 900 °C (Fig. 4), 
interstitial impurities actively diffused into 

the amorphous Ti/Ni/Ti nanolaminate. As 

a result of this process, a solid two-layered

crystalline structure was formed: the outer 

part was Ti2O3(N,C) with a thickness of 

2.5–3.0 μm and the inner layer was TiNi3 +

+ Ti4Ni2O(N,C) with a thickness of about 

2.0 μm (Table 1). The diffusion between the

layers was nonuniform. The Ti2O3(N,C) phase

occupies approximately 50 % of the coating. 

A high degree of micro-distortions in the crys-

tal lattice, as well as the deviation of the pa-

rameters from the reference ones, allows sug-

gesting that nitrogen and carbon are present

as interstitial impurities in the hexagonal

structure. The diffusion zone consists of two 

Table 1
Phase composition of the coating, diffusion

zone, and substrate of the samples 

synthesized in three different atmospheres. 

The data are based on the XRD and GIXRD

results

Coating synthesized 
in the nitrogen
atmosphere

Coating 

TiO2
TiN
Ti3Ni4
Ti4Ni2(N,O) 

Diffusion 
zone 

TiNiO3
TiNi3

Substrate TiNi B2

Coating synthesized 
in the argon-nitro-
gen-carbon dioxide 
atmosphere

Coating Ti2O3(N,C) 

Diffusion 
zone 

Ti4Ni2O(N,C)
TiNi3 

Substrate TiNi B19′

I

I

II

III

III

III

DZA

DZB

DZB

DZA

Substrate

200 �m 

20 �m 

50 �m 

а b

c

d

2 �m 

I

I

II

II

Substrate

Substrate

2 �m 

а b

c

d

100 �m 

100 �m 

500 �m 

Fig. 3. General TEM-image of the coating, synthesized in nitrogen at 900 °C in the 

SHS mode (a); TEM-image of the first layer (b); TEM-image of the second 

and third layers (c); TEM-image of the diffusion zone (d)dd

Fig. 4. General TEM-image of the coating, synthesized in argon-nitrogen-carbon 

dioxide at 900 °C in the SHS mode (a); TEM-image of the first layer (b); 

TEM-image of the second layer (diffusion zone) (c); TEM-image of the 

substrate (d)dd
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phases Ti4Ni2O(N,C) and TiNi3 that are approximately 

similar in volume fractions.

The scratch test was used to assess the strength of coat-

ing adhesion to the substrate (Fig. 5). The initial amor-

phous nanolaminate, applied to the substrate, begins to

disintegrate under the load equal to 7 N. Since the load

increases linearly, the number of microcracks, chips and

delaminations of the coating increases over time. In case

of the amorphous Ti/Ni/Ti nanolaminate, a load of 15-16

N can be considered critical despite the fact that under 30

N there is no complete coating delamination.

Due to the synthesis in the nitrogen atmosphere, a 

coating, consisting of nitrides and titanium oxides, was 

formed. The coating slightly detached under a load of 13

N; the coating detached critically and microcracks formed

under a load of 23 N. But at the same time, a load of 30

N is insufficient for complete detachment of the coating.

The coating, obtained in the argon-nitrogen-carbon

dioxide atmosphere, demonstrates the origination of a de-

fect when exposed to a load of 6.44 N; when increasing the

load up to about 8 N, minor detachments of the coating

appear, but it is worth noting that a further increase in the

load entails no destruction. The analysis of the obtained

results allowed concluding that the sample, synthesized

in the argon-nitrogen-carbon dioxide atmosphere, has a 

better adhesive strength compared to that of the coating, 

obtained in the nitrogen atmosphere.

It was noted that the oxycarbonitride coating, formed

naturally during SHS, did not influence in any way the 

physical and mechanical properties of the TiNi matrix, 

which has the shape memory effect and superelasticity. 

Therefore, to establish the permissible thickness of the

coating, with which the mechanical properties would not 

deteriorate, an experiment on stretching the uncoated

substrate and two samples with the coatings 250 nm and 

5 μm thick, obtained in the argon-nitrogen-carbon diox-

ide atmosphere, was conducted (Fig. 6). The results of the 

mechanical tests allowed establishing the fact that the ten-

sile strength of the uncoated TiNi substrate was 1220 MPa.

The application of the coatings 250 nm and 5 μm thick al-

lowed increasing this value to 1320 and 1800 MPa, respec-

tively (Table 2). But the maximum sustained deformation 

decreased from 18.6 % for the uncoated TiNi to 16.5 and

12.6% for the samples with the coatings 250 nm and 5 μm 

thick, respectively. A coating of a greater thickness has a

higher strength and a greater value of the martensite shear 

stress; besides, the yield-point area length is reduced from 

10 to 7%. In view of this, the coatings with a thickness of 

Table 2
Mechanical properties of the titanium nickelide alloy with the coating obtained in the argon-nitrogen-carbon dioxide 

atmosphere of different thicknesses

TiNi samples σm, MPa σB, MPa E, GPa εe, % εm, % εpl, % εtot, %

Uncoated 780 ± 9 1220 ± 9 71 ± 1 1.1 ± 0.1 8.8 ± 0.3 8.6 ± 0.2 18.5 ± 0.3

With the 250-nm coating 810 ± 11 1320 ± 9 71 ± 1 1.1 ± 0.1 8.9 ± 0.3 6.5 ± 0.3 16.5 ± 0.2

With the 5-μm coating 1100 ± 18 1800 ± 11 99 ± 2 1.2 ± 0.1 5.8 ± 0.2 5.6 ± 0.4 12.6 ± 0.3

Notes: σm – martensite shear stress; σB – ultimate tensile strength; E – elastic modulus; E εe – elastic deformation; εm – martensite
deformation; εpplpl – plastic deformation; l εtottot – total strain-to-fracture.t

Fig. 5. Optical images of the surface of the coated samples during scratch tests

0.41N 6.96–7.22 N 9.23–11.68  N 14.89–16.08  N 17.68–21.72  N 30.0 N

16.81–16.93 N12.37–12.85 N 20.92–21.32 N 23.13–23.38 N 30.0 N

8.23–8.63 N6.44 N 18.0 N 24.0 N 30.0 N

Ti/Ni/Ti nanolaminate

Coating synthesized in nitrogen

Coating synthesized in argon�nitrogen�carbon dioxide
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less than 250 nm do not limit the inelastic super-tensile

deformation of the titanium nickelide substrate, exerting

a slight nonessential influence on the martensite deforma-

tion of the major TiNi phase during tensile tests.

Conclusion

The Ti/Ni/Ti nanolaminate with a thickness of 150

nm on the TiNi substrate was obtained by means of mag-

netron sputtering, and the subsequent synthesis was con-

ducted in two different atmospheres: in nitrogen and in

argon-nitrogen-carbon dioxide. The synthesis in each

of the atmospheres was found to influence differently 

on the qualitative composition and morphology of the

coating, but at the same time they all have a gradient

structure. The kinetics and mechanisms of the phase for-

mation when synthesized in different atmospheres were

studied. The coatings with a thickness of less than 250

nm were found not to limit the inelastic super-tensile

deformation of the titanium nickelide substrate, exert-

ing a slight inessential influence on the martensite de-

formation of the major TiNi phase during tensile tests.

The scratch tests showed that the coating, synthesized in

the argon-nitrogen-carbon dioxide atmosphere, had the

highest strength of adhesion to the substrate. Therefore,

such coating can be potentially used to create articular 

implants.
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