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Ti-Ni-Ta-based surface alloy synthesized on the TiNi-substrate through
electron-beam method: structure and physical-mechanical properties
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The structure and physical-mechanical properties of Ti-Ni-Ta-based surface alloy synthesized on the TiNi-substrate
through additive thin-film electron-beam method have been studied. The synthesis of the surface alloy was carried
out by 30-fold alternation of operations of deposition of a dopant film (TigoTas (at.%), ~ 50nm thick) and
liquid-phase mixing of the film/substrate using a pulsed low-energy high-current electron beam. It was found that
Ti-Ni-Ta-based surface alloy, whose thickness is ~ 1.8 um, has an amorphous structure. It has been established that
the surface alloy has ~ 2 and ~ 1.5 times higher values of microhardness Hop and elastic modulus Eop compared
to the initial TiNi-substrate, but parameter of plasticity dn and shape recovery ratio n close to the substrate. It
is shown that the nature of the change in physical-mechanical properties in Ti-Ni-Ta-based surface alloy and the
transition zone depends on the number and thickness of the sublayers, as well as on the structural states of the
phases in the sublayers. The evaluation of the mechanical compatibility of the surface alloy with the TiNi-substrate

is given.
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1. Introduction

Titanium nickelide-based alloys (TiNi alloys) are widely
used to develop miniature products for healthcare and
non-healthcare purposes (actuators, temperature sensors,
implants, surgical armaments, etc. [1]). A downside of these
alloys is degradation of their inelastic [2] and biochemical
(corrosion resistance [3], biocompatibility [4]) properties
in the process of multicycle operation. These properties
depend on the condition of surface of the product and
can be improved significantly by modifying its surface
layer [4] or by synthesis of protective films or coatings on
its surface [3].

The studies of [5-9] have demonstrated efficiency of
the additive thin-film electron-beam method to synthesize
multicomponent surface alloys (SA) to modify TiNi alloy
surface for the purpose of improvement of its physico-
mechanical and functional properties. The kernel of this
method described in [5-9] consists in multiple alterna-
tion of deposition of a doping film with a pre-defined
chemical composition of (TizgTaszo [5,6], Tigs/70Nbissz0 [7],
TigoTazpSiyg [8] and TigoNbsz¢Siqo [9] (at.%)) and with a
certain thickness (50—100nm) and liquid-phase mixing of
film components and the substrate by pulse low-energy
(< 30keV) high-current (up to ~ 25kA) electron-beam
(LEHCEB) of microsecond duration (~ 2—4us). It has
been shown that the synthesized multicomponent SAs based
on Ti, Ni, Ta, Nb and Si have high potential for the use
in the industry of miniature products for healthcare and
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non-healthcare purposes as protective barrier layers on the
surface of TiNi alloys due to their biochemical (low con-
centration of nickel [5,7-9], high corrosion resistance [8,9])
and physico-mechanical (high strength and plasticity [6-9])
properties.

Concurrently with the tasks of studying functional prop-
erties, morphology of surface and structures of formed
SAs not insignificant are the tasks related to the study
of dependencies of changes in physico-mechanical proper-
ties. These tasks are non-trivial because the formed SAs
are characterized by both single-layer structure [8,9] and
multilayer structure [5-7,9] of consecutive sublayers with
different thickness, phase composition and type of structure
in the sublayers (nanocrystalline [5,6], amorphous [7-9],
nanocomposite [7,9]).

An effective method to evaluate physico-mechanical prop-
erties (including inelastic properties) of surface layers with
micron-order thickness is instrumented indentation. This
method allows identifying differences in elastic and plas-
tic deformation behavior in nanocomposite coatings [10],
amorphous materials [11], as well as in multilayer compos-
ite systems of alternating amorphous and nanocrystalline
layers [12], including materials with a gradient change in
composition [10-12]. In the above-listed studies, thickness
of systems under study was from ~ 1-2um. The studies
performed by now on bulk materials [13,14] and thin
films [15,16] based on Ti-Ni that possess shape memory
effect and superelasticity (SME-SE) have shown effective-
ness of the use of this method for the evaluation of inelastic
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deformation behavior of surface layers. Therefore, it seems
effective to use the method of instrumented indentation for
both the evaluation of physico-mechanical properties of SAs
with a singlelayer/multilayer structure and the investigation
of the effect of SA structure and properties on the inelastic
properties of TiNi-substrate.

Some of the above-mentioned studies evaluated physico-
mechanical properties using microhardness Hop and mod-
ulus of elasticity Eop measured with the indentation by
sharp-tip Vickers pyramid indenters and Berkovich pyramid
indenters following the Oliver-Pharr method [17]. The large
differences in values of modulus of elasticity in austenite
and martensite phases allow identifying these structural
states in TiNi alloys [18]. In [14-16,19,20] it has been
shown that an effective method of studying thin films,
coatings or materials with gradient structures is the use
of elastic-plastic parameters: the degree of shape recovery
ratio 7 and plasticity parameter 6, which can be determined
from P—h experimental diagrams of ,loading-unloading®.
In [14], with the use of n parameter, the interrelation has
been noted for the first time between the recovery of indent
and the SE effect, the possibility has been demonstrated to
evaluate the SE using the n. In [15,16] it has been noted
that this technique allows evaluating inelastic properties
of thin films with SME-SE in [film/Si-substrate] systems
where singlelayer and multilayer films of Ni-Ti [15,16],
Ni-Ti-Cu and Ni-Ti-Cu/NiTi [15] have been produced by
PVD methods. The parameter of plasticity § determined by
the Milman’s method [19] characterizes the tendency of a
material to deform irreversibly under exposure to loading
by indenter. From the P—h diagrams of ,loading-unloading®
in [20] the percentage of accumulated plastic deformation
in the system of composite wear-resistant Cr/CrN/CrAlSiN-
based coatings has been determined (thickness multilayer
system was from ~ 4.12 to ~ 4.55 um).

In this study, to improve physico-mechanical and func-
tional properties of miniature products made of TiNi alloys,
a SA based on the Ti-Ni-Ta system using a doping film of
TigoTaso (at.%) is synthesized on the surface TiNi-substrate.
Previously, in [5,6] the structure and physico-mechanical
properties of a SA based on the same Ti-Ni-Ta system but
using a doping film with other composition — TizgTazg —
have been studied. It has been shown in [6] that the
synthesized SA, which has a multilayer structure of alter-
nating sublayers of nanocrystalline and amorphous phases,
has high physico-mechanical properties. It is found that the
monotonous change in properties from high-strength layers
of SA (microhardness of Hop ~ 8 GPa, modulus of elastic-
ity of Egp = 105GPa) to TiNi-substrate (Hop ~ 3.5 GPa,
Eop = 55GPa) is due to the formation of nanocomposite
sublayers with close thicknesses (~ 300nm). At the same
time, in [21] it has been shown that an increase by ~ 10 at.%
in the concentration of tantalum in the doping film results in
amorphization of the synthesized SA structure throughout
almost entire its thickness, which is important for solving
application tasks.

Finally, when studying physico-mechanical properties of
[SA/TiNi-substrate] systems, it is important to evaluate
mechanical compatibility of the synthesized SA with the
TiNi-substrate. ~Mechanical compatibility is a ,general-
purpose® term, which, by comparing properties (modulus
of elasticity, plasticity, deformation reversibility) of the
materials in question, is used to evaluate the closeness of
characteristics of one material to another material. For
example, in medical material science the mechanical com-
patibility is understood as closeness of elastic characteristics
of the implant material to those of the bone tissue [22,23].
In this study, in the context of [SA/TiNi-substrate] system,
the mechanical compatibility is understood as closeness
of physico-mechanical properties of the SA and the TiNi-
substrate. It is clear that when choosing methods of TiNi
alloy surface modification, the methods should be used that
provide formation of surface layers not only with improved
characteristics but with high mechanical compatibility with
the TiNi-substrate at the same time.

The purpose of this study is to find out the dependencies
of change in physico-mechanical properties of the Ti-Ni-Ta
system-based SA synthesized with the use of TigyTaso (at.%)
doping film on the surface of TiNi alloy by electron-
beam method and to find out the interrelation between
characteristics of the SA structure (phase composition,
structural state, their changes along the depth) and its
physico-mechanical properties. A special attention is paid
to the SA compatibility with the TiNi-substrate.

2. Material, processing and research
methods

In this study samples were used in the form of
plane-parallel plates with sizes of 10 x 10 x 1 mm made
of TiNi alloy of TN-1 grade (MATEK-SPF, Russia),
which were cut out by laser from the initial sheet
semifinished product. Chemical composition of the alloy:
Ti—55.75Ni—0.0350-0.02C—0.003N—-0.001H  (wt.%);
reverse martensite start temperature is Ag = 308 K. The
surface of initial TiNi-substrate before the SA synthesis was
chemically etched (in the solution of HNO; + HF acids,
3:1 (vol.%)), electrolytic polished (CH3;COOH + HClOy,
3:1 (vol%)) and washed in an ultrasound bath (in
distilled water for ~ 30min.). To smooth the surface and
to homogenize the surface layer, the pulsed LEHCEB-
treatment was applied in the mode of surface melting
(density of the electron beam energy was Es = 3.8 J/cm?,
number of pulses was n = 32).

The surface Ti-Ni-Ta-alloy was formed on the TiNi-
substrate (hereinafter sample with SA is refereed to as the
sample with [TiNi-Taqo]SA) in a single vacuum cycle in a
H>RITM-SP*“ modified automated facility (by ,,Mikrosplav*
LLC, Russia) [24]. The TigoTas (at%) film with a
thickness of ~ 50nm was deposited on the surface of
TiNi-substrate by magnetron method simultaneously from
two magnetrons by sputtering single-component targets of
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pure Ti (99.95 wt.%) and Ta (99.95wt.%) (Girmet, Russia).
Composition of the deposited film was monitored by energy
dispersive spectroscopy (EDS) (X-ACT silicon drift detector
(Oxford Instruments, Great Britain)) using a LEO EVO 50
scanning electron microscope (SEM) (Zeiss, Germany) at
an accelerating voltage of U = 10kV. According to the
measurements, the composition of film was consistent with
the calculated composition (TiggTase) with an accuracy
of +2at.%. The film was almost free from carbon, the
oxygen concentration in it was not more than a few at.%.
The liquid-phase mixing was performed using LEHCEB at
Es = 2J/cm? and n = 5. The operations of film deposition
and its pulsed electron-beam liquid-phase mixing with the
TiNi-substrate were carried out in a single vacuum cycle.
The number of synthesis cycles N were repeated 30 times
without removing the TiNi-substrate from the working
chamber of the plant. The temperature of the TiNi-
substrate did not exceed 473 K by the end of the synthesis.
Thus, the expected effective thickness of the synthesized
[TiNi-Ta4o]SA was ~ 1.5 um.

Electron microscopy studies using bright and dark fields,
microdiffraction analysis and nanodiffraction analysis were
performed by a JEM-2100 transmission electron microscope
(TEM) (JEOL, Japan) at an accelerating voltage of 200 kV.
The size of the electron probe in microdiffraction and nan-
odiffraction modes was ~ 200 and ~ 12nm, respectively.
Foils for TEM studies were prepared in an EM 09100IS ion
etching unit (JEOL, Japan) in the ,.cross-section geome-
try. The composition of elements along the cross-section
was determined by an accessory for EDS-microanalysis
(X-Max SDD detector (Oxford Instruments, Great Britain)).

Strength and elastic-plastic parameters were determined
by the method of instrumented indentation in a Nano
Hardness Tester (CSM, Switzerland) equipped with a
Vickers indenter (tetragonal diamond pyramid with an apex
angle of ay = 136°). The test load profile is triangular. The
duration of one ,loading/unloading cycle is t = 60s, the
indentation step is ~ 1nm. The set of experimental data
array for each load corresponded to three tests, followed by
statistical averaging. The tests were carried out with two
groups of samples (before and after surface modification),
6 samples in each group.

To study physico-mechanical properties of the
[[TiNi-Ta4o] SA/TiNi-substrate] system, maximum loads P p,x
on the indenter were selected experimentally in the range
from 5 to 300mN (22 loads). Thus, with loadings in the
range of 5—20 mN, with a maximum indentation depth hyax
not more than ~ 500nm, physico-mechanical properties
of the [TiNi-Tasq0)]SA were characterized. In the loading
range of 25—200 mN properties of the [TiNi-Tas]SA were
evaluated at a depth from ~ 500nm to ~ 1.8 um, and
properties of the transition zone between the SA and
the TiNi-substrate a depth from ~ 1.8 to ~ 2.5um were
evaluated as well. In the loading range of 220—300 mN,
physico-mechanical properties of the TiNi-substrate were
evaluated in the adjacent area of the SA located at a depth
of ~ 2.5um from the surface.
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Based on the P—h diagrams of ,loading/unloading” the
strength and elastic-plastic parameters were determined
depending on the maximum indentation depth hp,. The
microhardness Hop and the modulus of elasticity Eqop were
calculated by the method of Oliver-Pharr [17]. The plasticity
parameter Jn, which characterizes the tendency of a material
to deform irreversibly under a load of P, was evaluated by
the method of Yu.V. Milman described in [19]:

hr

hmax

oh = x 100%,
where hy is depth of the formed indent after unloading;
himax 1S maximum indentation depth.

The n parameter characterizing the degree of shape
recovery ratio was calculated by the method described
in [14]:

hmax - h

n= L x 100%.

hmax

Average values of strength and elastic-plastic parameters for
the initial TiNi-substrate at a depth greater than ~ 2 ym are

Hop =3.5£0.5GPa, Epp = 55.0£2.5GPa,

oh =55.0£5.0% and n=45.0=%5.0%.

The studies were carried out on the equipment of the
HNANOTECH* Center of Equipment Sharing ISPMS
SB RAS (Russia, Tomsk).

3. Results and discussion

3.1. Structure and composition of elements of the
sample with [TiNi-Ta]SA

Fig. 1 and 2 show bright-field electron-microscopic images
of the structures in the cross-section of the sample with
[TiNi-Ta4o]SA. According to results of the studies, the
synthesized layer is composed of the [TiNi-Tago]SA and the
transition zone. At a depth of up to ~ 1.8um from the
surface the formed [TiNi-Tas]SA has a single-layer structure
(outer layer I in Fig. 1). The transition zone is composed
of three sublayers (II-III-IV) following one after another
and differ by thickness, chemical and phase compositions,
average grain size and grain orientation.

According to the microdiffraction pattern (Fig. 1,c¢), the
[TiNi-Ta4o]SA is characterized by fully amorphous structure
(Fig. 1,a,b) and contains defects: nanopores with sizes
from ~ 7 to ~20nm located at a depth of < 500nm
from the surface at average distance of ~ 100nm from
each other (shown with arrows in Fig. 1,4, b). Results
of the TEM/EDS-microanalysis along the cross-section of
the sample with [TiNi-Ta4o]SA have shown (Fig. 3) that
the composition of elements in layer I at a depth of
< 500nm in average can be described by the following
formula (at.%): Ti49_4gNi37_33Ta~19_13, and further it
changes monotonously with decrease in the concentration
of tantalum. Quantity of nickel on the surface is ~ 32 at.%,
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Figure 1.
[TiNi-Tas]|SA () and the nanocomposite sublayer II (d).

which is ~ 1.5times less than that in the initial TiNi-
substrate. Previously, in [5,6] it has been shown that
in TiNi-samples after formation of the surface Ti-Ni-Ta-
alloy with the use of TizTazy (at%) doping film the
concentration of nickel in the surface layer with a thickness
of ~400nm from the surface turned to be less than
expected and was ~ 10at.%. It has been shown by the
authors that such a significant nickel depletion in the near-
surface areas is related to the multilayer nanocomposite
structure of this SA.

Under amorphous layer I, at a depth from ~ 1.8
to ~ 2.3um there is nanocomposite sublayer II with a
thickness of not more than ~ 500nm (Fig. 1,a,d). Inside
sublayer II there are spherical nanocrystalline particle with
sizes of < 40 nm. The nanodiffraction analysis of individual
particles has shown (Fig. 1,d, e) that nanocrystals, which
are uniformly distributed within the amorphous matrix,
belong to the Ti;Ni phase (Pearson symbol cF96). Most
of nanocrystals are located separately from each other and
distributed in the amorphous matrix in a uniform manner.
The concentration of tantalum in this sublayer decreases
from ~ 10 to ~ 7at.% (Fig. 3).

Sublayer III with a thickness of up to ~ 500 nm is located
at a depth from ~ 2.3 to ~ 2.8 um and characterized by the
eutectic type of structures. The concentration of tantalum
in this sublayer decreases from ~ 7 to ~ 4at.% (Fig. 3).
As the interpretation of microdiffraction patterns has shown
(Fig. 2,b), dendrite branches (Fig. 2,4,¢) are grains of
phase B2, probably with a three-component composition

Ps./
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[OT1]+{T50] Tp

Bright-field images of structure of the sample with [TiNi-Tas|SA (a b,d) and nanodiffraction pattern (c e) from the

([Ti/Ta],Ni), which are surrounded by areas with a structure
of ([Ti/Ta];Ni) type. The appropriate microdiffraction
pattern (Fig. 2,b) has two systems of reflections that are
related to the two-phase mixture: weak quasi-ring reflections
are referred to TipNi particles, the most bright reflections
are referred to the matrix phase B2(TiNi). Distances
between dendrite branches are from ~ 50 to ~ 100 nm and
their thickness is from ~ 10 to ~ 30nm. The bright-field
image (Fig. 2,a) shows a noticeable moire pattern, which
nature is related to superposition of patterns from phases
TioNi and B2(TiNi).

Martensite sublayer IV with a thickness of < 400nm
(Fig. 2,c¢) is located at a depth from ~ 2.8um and
composed of martensite phases B19’ and R on the basis
of TiNi (Fig. 2,d) as a result of martensite transformations
of the high-temperature B2(TiNi) phase under the action of
residual elastic stresses caused by the LEHCEB-treatment.
This conclusion is consistent with results of [25] where it has
been shown that the formation of martensite in sublayers of
the TiNi-substrate with SA is related to residual stresses
induced by electron-beam treatments.

By the summary of structural characteristics and the
distribution of tantalum as a doping element, sublayers II, II1
and IV can be considered as a transition zone between the
[TiNi-Ta40]SA and the TiNi-substrate. At a depth greater
than ~ 3.5um structure and composition of elements of
samples with [TiNi-Ta4o]SA are close to the structure and
composition of elements of phase B2(TiNi) for the initial
TiNi-substrate.

Physics of the Solid State, 2023, Vol. 65, No. 4
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Figure 2. Bright-field images of structure of the sample with [TiNi-Tas]SA (g, ¢) and their correspondent microdiffraction patterns (b, d)

from the eutectic sublayer III (a) and the martensite sublayer IV (c).

3.2. Physico-mechanical properties of the sample
with [TiNi-Tas]SA

Let us consider, how features of structure of the
[TiNi-Ta4o]SA synthesized on the surface of TiNi-substrate
affect the changes in physico-mechanical properties. Fig. 4
shows an image of SA structure in the transverse cross-
section and P—h diagrams of ,loading-unloading™ in dif-
ferent ranges of loads Pnax. Sublayers are separated by
dashed lines and numbered with Roman numbers, phase
composition is shown above each sublayer.

As can be seen from Fig. 4, the entire loading range can
be divided into three sections. The first section from 5
to 60mN (Fig. 4,b) corresponds to the change of hp,y in
the range from ~ 160nm to ~ 1um. The second section
from 80 to 150 mN (Fig. 4, ¢) corresponds to the change of
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hmax in the range from ~ 1 to ~ 1.8 um. In sum, starting
from the surface and down to the depth of ~ 1.8 um the
process of deformation accumulation runs in the amorphous
[TiNi-Ta4o]SA (Fig. 4,a). The third section from 170
to 300 mN (Fig. 4, d), which corresponds to a depth of hyax
in the range from from ~ 1.8 to ~ 2.5um, characterizes
the accumulation of deformation in the intermediate zone
(inside nanocomposite sublayer IT and eutectic sublayer III
(Fig. 4,a)).

It can be seen from Fig. 4,b ¢ that the process of
deformation accumulation within the first and the second
loading sections can be described by a single parabolic
dependence. From this it follows that physico-mechanical
properties of the [TiNi-Tasq]SA change in a monotonous
manner following a single parabolic law throughout the
entire region of amorphous structure existence. With
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Mechanical compatibility of the [TiNi-Tas|SA with the TiNi-substrate (where A is difference between values of the characteristic being

compared, in absolute units and in percents)

Microhardness Modulus Parameter Shape
Sample Hop, GPa of elasticity Eop, GPa of plasticity h, % recovery ratio 1, %
Initial TiNi-substrate 35 55 55 45
Sample with [TiNi-Tas]SA 2.8 39 66 34
A, abs. val. —-0.7 —16 +11 —11
A, % 20% 29% 20% 24%
F : . — in TiNi-samples after formation of the surface Ti-Ni-Ta-alloy
50 B O— méy_en}—iﬁ with the use of TizgTaso (at.%) doping film strength param-

- PR [ | :

[ [TiNi-Tay] surface alloy i ) (S P eters near the surface turped ‘Fo bfs hlgher (Hop ~ 8 GPa
< 40fF (layer T) 7/,}/» i | and Epp =~ 105 GPa) than in this [TiNi-Tas|SA. It has been
*ah s o i [ [ shown that these higher values of Hop and Egp are due to
.5 30 po-0—0— " ! ——Ti the multilayer structure of this SA, which is composed of
8 i ——Nj nanocrystalline sublayers following one after another.

% C i ——Ta In contrast to strength parameters (Hop and Egp) that
“8’ 20 Z-L‘“—“J\r,\& | ; ; change in a monotonous manner throughout the entire
o M i i i [TiNi-Ta4o|SA, the parameter of plasticity 8, and the
10 \-i\ i i shape recovery ratio n change monotonously only in the

- ! \{‘—-\A;\ near-surface layer with a thickness of < 500nm: 6, —
ol ] from ~ 58 to ~ 65% (Fig. 5, curve 3), n — from ~ 42
0 0.5 1.0 1.5 2.0 2.5 3.0 to ~ 35% (Fig. 5, curve 4). At a depth from ~ 500 nm

Depth A4, pm

Figure 3. TEM/EDS concentration profile of element distribution
in the sample with [TiNi-Tas]SA over the depth from the surface
along the line marked in Fig. 1,a.

increase in the Py load over 170mN, when sublayers
located under the [TiNi-Ta4o]SA become involved into
the deformation under the indenter, each test cycle is
described by an individual type of diagram P—h (Fig. 4,d).
Thus, within the third section of loading the recorded
P—h diagrams have the biggest discrepancy between the
loading branch and the unloading branch and the process of
deformation accumulation can not be described by a single
parabolic dependence. The obtained result is a consequence
of the fact that at a depth of ~ 2.3 um sublayers that are
characterized by different structural states: nanocomposite
sublayer IT and eutectic sublayer III (Fig. 4,a) become
involved into the deformation under the indenter.

Fig. 5 shows dependencies of microhardness Hop, modu-
lus of elasticity Eqp, plasticity parameter &, and shape recov-
ery ratio n on the maximum indentation depth hp,,. As can
be seen from this figure, the microhardness in the external
layer I near the surface is Hop =~ 7 GPa and monotonously
decreases down to ~ 2.7GPa at a depth of ~ 1.8um
(Fig. 5, curve 7). In this case the modulus of elasticity
Eop also decreases monotonously from ~ 86.5GPa at the
surface down to ~ 43 GPa at the transition zone boundary
(Fig. 5 curve 2). Previously, in [5,6] it has been shown that

to ~ 1.8um &h(hmax) and n(hmax) dependencies achieve
plateau and &, and 1 parameters have their values at a
level of ~ 64 and ~ 36%, respectively. The behavior of
plasticity parameter o at a depth of > 500 nm is kept at a
level of ~ 64%, which may be related to processes of plastic
deformation of the amorphous phase: its ,softening” [26]
and decrease in modulus of elasticity (Egp &~ 40 GPa).

The high degree of shape recovery ratio n equal to ~ 42%
in the surface layer with a thickness of < 500nm is a
direct consequence of the high modulus of elasticity on
the surface (Eop ~ 86.5GPa). Thus, in the range of
loads Py, from 5 to 60mN the main mechanism of
indent shape recovery on the surface of [TiNi-Ta4o]SA is
elastic recovery. This is evidenced by P—h diagrams
in the range from 5 to 60mN (Fig. 4,b), which un-
loading branches are characterized by extended sections
of linear deformation return. With indentation of the
[TiNi-Tago]SA down to a depth of > 500 nm, the effect of
lower sublayers results in that values of the n parameter
decreases and achieve plateau keeping their values at a level
of ~ 36%.

In nanocomposite sublayer II, at a depth from ~ 1.8
to ~23um strength and elastic-plastic parameters are:
Hop =~ 2.7 GPa, Eop ~ 43 GPa, &n =~ 64%, n ~ 36%. In the
transition zone at the interface between nanocomposite sub-
layer II and eutectic sublayer III (at a depth of ~ 2.3 um)
the loss of monotonous behavior of change in these
parameters is observed. Thus, the microhardness Hop and
the modulus of elasticity Epe increase from ~ 2.7 GPa
and ~ 43 GPa in sublayer II to ~ 3.4GPa and ~ 48 GPa

Physics of the Solid State, 2023, Vol. 65, No. 4
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Figure 4. P—h diagrams of ,loading-unloading® when the sample with [TiNi-Tag|SA (a) is indented in loading ranges: 5—60 (b),

80—150 (c¢) and 170—300 mN (d).

in sublayer IIl. The plasticity parameter &y decreases
from ~ 64% in sublayer II to ~ 61% in sublayer IIL
The degree of indent recovery n increases from ~ 36
to ~ 39%. Taking into account the information on the struc-
ture (Fig. 1, 2), the deformation behavior (P—h diagrams
(Fig. 4,d)) and properties (Fig. 5), it can be stated that
the loss of monotonous character of change in parameters
at the interface between nanocomposite sublayer II and

Physics of the Solid State, 2023, Vol. 65, No. 4

eutectic sublayer III is due to the difference of structure
and phase composition between these sublayers. In eutectic
sublayer III, at a depth from ~ 2.3 um strength and elastic-
plastic parameters are: Hop =~ 2.8 GPa, Epp =~ 39 GPa,
6h ~ 66%, n ~ 34%.

To evaluate the mechanical compatibility between the SA
and the TiNi-substrate, a comparison is carried out between
the strength and elastic-plastic parameters for the initial
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Figure 5. Dependence of microhardnessHop (7), elastic modulus Eop (2), plasticity parameter &h (3) and indent recovery degree n (4)
on the maximum indentation depth hmay for the sample with [TiNi-Ta]SA (large symbols show properties for the initial TiNi-substrate at

a depth more than ~ 2 um).

TiNi-substrate and values of these parameters for the sample
with [TiNi-Tas|SA obtained at a depth of ~ 2.5 um (table).

As can be seen from the table, the differences between
values of strength and elastic-plastic characteristics of the
[TiNi-Ta4o]SA and the initial TiNi-substrate are not more
than ~ 20—30%. At the same time, the lower values of
Hop and Egp in the sample with [TiNi-Tas|SA are related
to the formation of martensite phases B19’ and R(TiNi)
in sublayer IV (Fig. 2,¢ d), which, as known [18], are
characterized by lower values of Hop and Egp, as compared
with the phase B2(TiNi). The presence of martensite in
sublayer IV probably has resulted in keeping high plasticity
at a depth of ~2.5um in the sample with [TiNi-Tas]SA
(8h &~ 66%, Fig. 5, curve 3).

4. Conclusion

Thus, in this study the method of additive thin-film
electron beam synthesis has been used to form amorphous
[TiNi-Ta4o]SA on the surface of the TiNi-substrate using
TigoTaso (at.%) doping film. Based on the data obtained by
transmission electron microscopy and instrumented indenta-
tion, the following conclusions are formulated regarding the
relation of the structure of surface alloy and the transition
zone to the physico-mechanical properties.

1. External amorphous layer I, which is the [TiNi-Tas|SA,
has ~ 2 and ~ 1.5times higher values of the microhardness

Hop and the modulus of elasticity Egp than those of
the initial TiNi-substrate and close to it values of elastic-
plastic parameters: the plasticity én and the degree of shape
recovery ratio 7.

2. Changes in physico-mechanical properties of the
[TiNi-Ta4o]SA and the transition zone are due to the quantity
and thickness of sublayers, as well as the effect of structural
states of phases in sublayers (amorphous, nanocomposite
and nanocrystalline).

3. The mechanical compatibility of the synthesized
[TiNi-Ta4o]SA and the TiNi-substrate expressed as a differ-
ence between strength and elastic-plastic characteristics is
not more ~ 20—30%. As a result of the work performed, it
is important to note that the high mechanical compatibility
between the synthesized layers of SA and the TiNi-
substrate is of practical importance for miniature products
for healthcare and non-healthcare purposes manufactured
from TiNi alloys.
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