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Effect of submicron Ti-Ni-Ta-based surface alloy on the mechanical
properties of the TiNi alloy before and after thermal cycling
of the system [Ti-Ni-Ta-based surface alloy|TiNi-substrate]
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The dependencies of changes in the mechanical properties of the TiNi alloy with synthesized surface alloy based
on the Ti-Ni-Ta system with a thickness of < 1um were investigated in torsion tests. The synthesis was carried
out by alternating the operations of deposition of a TigoTas (at.%) alloying film and liquid-phase mixing of the
film/substrate system using a low-energy high-current electron-beam. It has been shown that the presence of the
surface alloy results in the preservation of martensite shear stresses v ~ 460 MPa, an increase in the width of
the stress hysteresis loop A7 by ~ 25MPa, and an improvement in the ability of the material to accumulate and
recover superelastic strain ysg by ~ 0.2% more than the values in TiNi samples without irradiation and alloying.
It was found that reducing of the thickness of the surface alloy does not lead to an increase in the crack resistance
of the synthesized surface layer. It was found that thermal cycling of the modified samples in the temperature
range of B2—B19’ martensitic transformation leads to a change in the elastic-stress state in the [surface alloy|TiNi-
substrate] system, resulting in a reduction of stresses 7v by ~ 100 MPa, and an increase in the crack resistance of

the synthesized surface layer.
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1. Introduction

Titanium nickelide based alloys (TiNi alloys) having
the shape memory effect and superelasticity (SME-SE),
are used to manufacture miniature medical (endosurgical
tools, vascular implants, and dental products, etc.) [1-6]
and non-medical (actuators, temperature sensors, damping
devices, etc.) [7-9] products. Key concerns over TiNi alloys
are: 1) degradation of physical and mechanical [10] and
corrosive [11] properties due to the accumulation of fatigue
defects; 2) low radiopacity of miniature products made from
these alloys [12] and 3) toxicity to human body [3,4,6].

To improve physical and mechanical properties, cor-
rosion resistance, radiopacity and biocompatibility of
TiNi alloys provided that inelastic properties (SME-SE)
are maintained, adaptive thin-film electron-beam synthe-
sis [13] is used to form multicomponent surface alloys
(SA) [13-20] with desired chemical composition (based
on three-component (Ti-Ni-Ta, Ti-Ni-Nb) [13-18] and four-
component (Ti-Ni-Ta-Si, Ti-Ni-Nb-Si) [19,20] systems) and
thickness (~ 1—2um). The SA synthesis method [13-20]
includes repeated alternation of deposition of doping film
with a particular composition (Tigs—70—soMe€15-30—40 and
TigoMe3oSijo (at.%), where Me: Ta,Nb) and thickness
(~ 50—100nm) and liquid-phase mixing of film and sub-
strate components using a wide-aperture (up to ~ 10cm?)
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low-energy (< 30keV) high-current (up to ~ 25kA)
pulsed electron-beam (LEHCEB) with an energy density
to ~ 2.5J/cm?, a pulse duration of ~2—4us in a single
vacuum cycle.

Studies [13-15] demonstrate the efficiency of the
electron-beam synthesis of amorphous Ti-Ni-Ta-based SA
with a thickness of ~ 2 um and pre-defined structural char-
acteristics and properties. It is shown that the synthesized
amorphous SA has a high capacity of use in miniature
medical and nonmedical products as protective barrier layers
on the surface of TiNi alloys due to physical and stress-
strain properties (high strength and plasticity, mechanical
compatibility with TiNi substrate [14,15]) and decreased
concentration of nickel on the surface [13,14]. In [12,13],
it is shown that Ta-doped TiNi wire samples, according to
angiographic data, have ~ 2times as high radiopacity as
angiograms of holometallic samples. Recent studies [15]
showed that ~ 2 um amorphous SA didn’t exert any critical
impact on the integral properties of a TiNi substrate during
cyclic torsion test, but, on the contrary, improves inelastic
properties of miniature TiNi product prototypes. Electron
microscopy of surface [15] showed that this SA didn’t peel
off from the TiNi substrate after the mechanical test.

It is known that sizes of medical and non-medical
miniature TiNi products vary from several hundreds of
nanometers to tens of millimeters [3-6,8]. For millimeter-
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size products, controlled surface modification and improve-
ment of properties of surface layers with a thickness
from ~ 100nm to ~ 1-5um make it possible to keep
the volumetric structure and properties (including SME-SE)
while modifying drastically the material properties in the
surface adjacent layers [13-20]. In the cases when miniature
TiNi products are smaller than < 1 mm (e.g. endosurgical
tools, vascular implants, dental products [1-6]), volumetric
structure and properties of the substrate material will be
to a great extent defined by the modified layer properties
(hardness and plasticity, residual elastic stress level after
irradiation). In this case, on the one hand, the material
shall retain the necessary inelastic properties (SME-SE). On
the other hand, physical, stress-strain and surface sensitive
properties of the substrate material shall be improved.
Therefore, a promising opportunity includes surface modifi-
cation of miniature TiNi products (< 1 mm) and control of
stress-strain properties of the substrate material by altering
the amorphous SA thickness, ie. synthesizing a < 1um
surface layer.

The second reason for decreasing the amorphous SA
thickness is the findings obtained in [15]. It is shown
that, after the cyclic torsion test (with 20 loading/unloading
cycles, to the accumulated torsional strain ym. =~ 4 %, with
torsion rate ~ 4%/min), local microcracking areas were
detected on the SA surface. According to the results
of [21-23], formation of thin (< 1um) amorphous metal
films on the surface of functional (TiNi alloy [21]) and
structural (stainless steel [22], Ti-6Al-4V alloy [23]) mate-
rials facilitates an increase in plasticity of the synthesized
surface layer and fatigue characteristics (fatigue limit, critical
stress to failure) of [coating/substrate] systems. The authors’
study [17] shows that, after a bend test (to ~ 2% strain
with a loading rate of ~ 0.5mm/min), any surface layer
discontinuities (cracking or peel of SA from the TiNi
substrate) were not detected on the surface of amorphous
Ti-Ni-Ta (< 1um) SA [16].

Thus, taking into account the findings of [16,17,21-23],
there is reason to suggest the impact of the scale factor
on the properties of the [SA|TiNi substrate] system, i.e.
reduction of the amorphous SA thickness can facilitate
1) the improvement of the properties of miniature products
(with thickness < 1 mm) without critical impact on inelastic
properties of the TiNi-substrate (SME-SE), and 2) the
increase in fracture resistance of the [SA|TiNi-substrate]
system.

It is known [6,9,24] that miniature TiNi products are
thermomechanically cycled before operation to achieve
stabilized thermomechanical and inelastic properties. For
this, it is sufficient to carry out cycling with a set of ~ 10
to ~ 20cycles [24] to achieve the best thermomechanical
and inelastic properties in the last cycles for material
operation.

In [25-27] it is shown that irreversible plastic strain can
accumulate during thermal cycling (TC) of TiNi alloys with
increasing number of cycles in the material and induce
degradation of inelastic properties (SME-SE), including
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material performance impairment. One of the simplest
thermal cycling techniques is a scheme at the martensitic
transformation temperature intervals B2—B19’, which is
defined as repetition of the ,cooling below the direct
martensitic transformation completion temperature My —
heating above the inverse martensitic transformation com-
pletion temperature A¢“ cycle. In [26], it was found
that thermal cycling of TiNi alloys in coarse-grained and
ultra-fine-grained states can cause microstructural changes,
for example, formation and reproduction of dislocations,
internal stress variation in the material. Structural changes
that occur during thermal cycling can affect the stress-strain
properties of a material, including parameters characte-
rizing SME-SE.

Previously in [13-20], the effect of SA on the stress-
strain properties of the TiNi alloy after thermal cycling of
[SA|TiNi-substrate] systems in the martensitic transforma-
tion temperature range B2—B19’ was not identified. It
was not understood how the stress-strain properties of a
[SA|TiNi-substrate] system vary after thermal cycling in
torsion test conditions. There is no data on whether thermal
cycling will affect SA discontinuity.

Within the continued study [15], the following issues are
discussed in this work:

1) how the synthesized amorphous SA thickness variation
will affect the [SA|TiNi substrate] system strain behavior
during torsion test;

2) [SA|TiNi substrate] system behavior after thermal
cycling was not identified, including the thermal cycling
effect on the stress-strain properties and surface morphology
of the [SA|TiNi-substrate| system.

The objective of the study was to perform torsion test
of non-planar miniature product prototypes to establish
stress-strain property behavior of the TiNi alloy with
< 1um amorphous Ti-Ni-Ta SA synthesized on its surface,
in particular, to identify the [SA|TiNi-substrate] behavior
after thermal cycling within the martensitic transformation
temperature range B2—B19'.

2. Materials, processing and study
methods

2.1. Materials and surface preparation methods

The study used TH-1 TiNi alloy made by the
vacuum induction melting process in a graphite cru-
cible furnace (MATEK-SPF, Russia). = Chemical com-
position of the alloy: Ti (balance)-55.75 Ni-0.035 O-
0.02C-0.003N-0.001 H (wt.%). The ratio TiNi in the
B2(TiNi) phase corresponded to 49:51 (at.%). Direct
and inverse martensitic start (Ms, As) and finish (M, A¢)
temperatures B2=2B19: Ms=288 + 2K, M;=268 + 2K,
As=308 £ 2K, As =313 £2K.

Rectangular parallelepiped samples, 1 x 1 x 25 mm were
cut by electrical discharge sawing in water from an initial
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semi-finished plate. Sample surface was prepared step-
by-step: (1) chemical etching, (2) vibromechanical treat-
ment, (3) ultrasonic cleaning, (4) electrolytic polishing,
(5) ultrasonic cleaning. Surface preparation conditions are
described in detail in [15]. The samples prepared in such a
way were marked as TiNi.

2.2. Additive thin-film electron-beam synthesis
of the Ti-Ni-Ta surface alloy

The Ti-Ni-Ta SA was synthesized on the TiNi samples
using the ,,RITM-SP“ (Microsplav, Russia) modified au-
tomated system [28,29] in a single vacuum cycle. The
rectangular samples were secured in a fixture in the
process chamber such that to perform surface modification
simultaneously for two sides. Samples were installed on
a travelling work table, which was moved to perform film
deposition operations and pulsed electron-beam liquid phase
mixing with substrate in a single vacuum cycle. Then
atmosphere inlet was performed, samples were turned over,
and the remaining two sides were treated.

For smoothing and homogenization of the surface layer
on the TiNi samples, low-energy high-current electron-beam
pulsed (LEHCEB) treatment was used in surface melting
conditions (electron-beam energy density Es = 2.5J/cm?,
number of treatment pulses n= 10, maximum electron
energy U = 21keV, pulse duration ~ 2—3 us).

Then ~ 100nm TigoTagy (at.%) film was deposited on
the TiNi samples by magnetron method simultaneously
from two magnetrons by sputtering single-component pure
Ti (9995wt%) and Ta (99.95wt%) (Girmet, Russia)
targets. Composition of the deposited film was moni-
tored by energy dispersive spectroscopy (X-ACT silicon
drift detector (Oxford Instruments, Great Britain)) using
the LEO EVO 50 scanning electron microscope (SEM)
(Zeiss, Germany) at an accelerating voltage of U = 10kV.
According to the measurements, the film composition met
the calculated composition with an accuracy of +2at.%.
The film was almost free of carbon. Oxygen concentration
in the film was not higher than several at.%.

Electron-beam liquid-phase mixing of the [Ti-Ta-
film|TiNi-substrate] system was performed using LEHCEB
at Es=2J/em?, n=10, U =17keV, pulse dura-
tion ~ 2—3us. The number of ,deposition/melting” syn-
thesis cycles was repeated twice. The TiNi substrate
temperature was not higher than ~ 473 K by the end of the
synthesis. Using these conditions, the expected thickness of
the synthesized Ti-Ni-Ta SA was ~ 200nm. TiNi samples
after SA synthesis on the surface are marked as TiNi-SA.

2.3. Thermal cycling of the [surface alloy |TiNi
substrate] system

TiNi-SA samples were subjected to thermal cycling
with the number of ,heating/cooling”, cycles equal to 20.
Thermal cycling was performed by cooling in liquid nitrogen
to 774K followed by heating in boiling water to 373K,

which was, respectively, below and above the direct My
and inverse A finish temperatures of martensitic transfor-
mations B2 =2 B19’. Holding time in the heated and cooled
states was ~ 30s. TiNi-SA samples after thermal cycling
are marked as TiNi-SA-TC.

2.4. Torsion test

Torsion test was performed on the NDV-100
(Metrotest, Russia) test machine in accordance with
GOST 3565-80 [30]. M-Text ASU software (Metrotest,
Russia) was used to control the test machine and to
plot strain curves. The effective length of the samples
was | ~ 18 mm. Torsion was performed clockwise at
T ~ 298 + 1 K. Before the test, one end of the sample
was fixed together with a measuring transducer of force
torque M, the second transducer was inserted into a sliding
cartridge with a sensor of torsion angle ¢ secured on it.
Loads applied to the samples were recorded using a strain-
gauge transducer, the upper torque measurement limit for
which was ~ 10N - m. Before testing, cross-section area of
all samples was measured. In different loading conditions,
at least 3samples from each of the TiNi, TiNi-SA and
TiNi-SA-TC groups were subjected to the torsion test.

Accumulated and recovered strain in torsion was recorded
in a form of ,force torque M — torsion angle @*“ curves,
which were replotted into the ,shear stress 7 — shear
strain »“ curves (Figure 1).

Tangential stresses 7 were calculated using equation [31]

M M6
J a3
where M is the force torque, J is the moment of resistance,

d is the arithmetic mean thickness of the sample.
Shear strain » was determined using equation [31]

_ d0.5
Y= 1800/

T —

- 100 %,

where @ is the torsion angle, | is the sample effective length.

2.4.1. Cyclic test. Test cycle included torsion of
the sample at a constant rate of ~ 4%/min up to
Vmax ~ 4. Then, the load was released to zero at the
same rate of rotation in the opposite direction. The
number of test cycles N was set to 20 because it is
known [6,9,24] that the finished miniature TiNi products
are thermomechanically cycled with ~ 10 to ~ 20 cycles
and stabilized thermomechanical and inelastic properties are
addressed in the last cycles. The following parameters
were determined from the obtained experimental data
(Figure 1,a):

1) 7y — martensite shear stress,

2) At — stress hysteresis loop,

3) ysg — superelastic (inelastic) strain accumulated dur-
ing loading above the elastic strength psg(;_,) and reversible
during unloading ysg(3—4),

4) pres — total residual strain accumulated after each test
cycle.

Physics of the Solid State, 2025, Vol. 67, No. 3
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Figure 1. Schematic view of the shear stress 7 vs. shear strain y: @ — during cyclic test and b — test to failure.

Then dependences of these parameters on test cycle N
were plotted.

2.4.2. Test to failure. The samples were twisted at a
constant rate ~ 4 %/min until their failure was recorded.
After testing, the following parameters were determined
(Figure 1, b):

1) v — martensite shear stress,

2) Tmax — shear fracture strength,

3) Ymax — fracture strain.

2.5. Electron microscopic analysis of the surface

Surface morphology of the samples was examined using
the LEO EVO 50 (Zeiss, Germany) and Apreo 2S (Thermo
Fisher Scientific, USA) microscopes in secondary and back-
scattered electron imaging conditions at the accelerating
voltage U = 10—20kV and current | = 1.5-2nA.

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

3. Results and discussion

According to the data of [16], the Ti-Ni-Ta SA formed
in this work using the same conditions consists primarily
of an amorphous structure and has a thickness of < 1um.
The average chemical composition of SA is described as
TisoNiw4oTav1o (at.%). A martensite sublayer with a
thickness< 100nm consisting of the B19/(TiNi) phase is
located under the amorphous layer and borders on an
undoped area of the TiNi substrate located in the heat
affected zone. Variations of stress-strain properties in the
TiNi-SA samples subjected to torsion test will be discussed
below.
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3.1. Effect of the submicron Ti-Ni-Ta surface alloy
on the stress-strain properties of TiNi alloy in

torsion test

3.1.1. Cyclic test. Figure 2 shows the ,,shear stress 7 —
shear strain »“ curves measured during testing of the TiNi
samples (Figure 2,a) and TiNi-SA samples (Figure 2, b).

It is shown that the strain accumulation and recovery
curves are similar for both groups of samples and have a
»flag-like* shape with a narrow hysteresis typical of TiNi
alloys with the superelasticity effect [3,4,15,20,24]: first, a
linear stage of elastic strain accumulation in the B2(TiNi)
phase is observed when the applied load is increased,
then there is a platform where the inelastic strain psg is
accumulated at the martensitic strain accumulation start
stress 7y resulting from the martensitic transformation
initiated by loading and increase in the volumetric fraction
of the martensite phase. If the applied load is released
within the accumulated inelastic strain, then the material
will recover the inelastic and elastic strains accumulated
during loading.

Figure 2,a shows that, during testing of the TiNi
samples, the shape of curves 7(y) at the linear elastic
strain accumulation and recovery stages is repeated during
accumulation of N from 1 to 20. At the inelastic strain
accumulation and recovery stages, the shape of curves 7 ()
varies from the 1-st to the 10-th cycle, then stabilizes with N
from ~ 10 to 20. Testing of the TiNi-SA samples showed
that the synthesized SA affected the shape of curves 7 (y),
which indicated the variation of stress-strain properties in
these samples (Figure 2,b). Then, for the TiNi samples
before and after the SA synthesis, the values of examined
parameters are given in the 20-th cycle to evaluate the cyclic
stability of mechanical and inelastic properties.

Figure 3,a shows the dependences of 7y on N. It can
be seen that, with accumulation of N from 1 to 20 in the
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Figure 3. Martensite shear stress oy (@) and stress hysteresis loop Az () vs. the number of loading-unloading cycles N for samples:

1 — TiNi; 2 — TiNi-SA; 3 — TiNi-SA-TC.

TiNi and TiNi-SA samples, values of 7y measured in the
20th cycle are the same between the samples and are equal
to ~ 460 MPa (curves I and 2). Increased values of 7y
in the TiNi-SA samples with accumulation of N from 1
to ~ 10 are caused by the fact that a higher force torque
shall be applied to the modified samples at the torsional
strain accumulation stages, which is probably associated
with surface layer strengthening in these samples.

Figure 3,6 shows Ar vs. N. It was found that the
mechanical hysteresis loop expanded by ~ 25MPa in the
TiNi-SA samples during accumulation of N from 1 to 20
(curves I and 2). This might indicate that the presence of
SA prevents from martensitic transformation reversibility.

Dependences of inelastic strain psg accumulated in
loading ysg(;—» and recoverable in unloading psg(3—4)
on the number of loading/unloading cycles N are shown
in Figure 4,a and b, respectively. It was found that
Vsg(1—2) and ysg3_g) in the TiNi-SA samples were ~ 2.7
and ~ 2.5%, respectively (curves 2), which is higher
by ~ 0.2% than ygg(;_2) and psg3_y) in the TiNi samples

(curves ). Increased time of inelastic strain psg accumula-
tion and recovery stages on curves 7 (y) may be attributed
to the fact that as a result of higher torque applied to the
hardened TiNi-SA samples a large volumetric fraction of
the TiNi substrate material was involved in the TiNi-SA
samples during ysg accumulation and recovery, reversible
martensitic transformation B2 &= B19’ took place in the
substrate material giving rise to the growth of fractions of
the accumulated ysg(;—) and recovered psg3_y) torsional
strains.

Figure 5 shows prs vs. N. It can be seen that SA
affects the increase in the ability to accumulate y;s by
the TiNi alloy. Thus, when 20 cycles are accumulated
in the TiNi and TiNi-SA samples, pres is equal to ~ 0.17
and ~ 0.48 %, respectively (curves I and 2). After the test,
strain nonrecovery with accumulation of N from 1 to 20
observed in the TiNi samples is caused by the presence
of some residual fraction of martensite phase that can
exist in the TiNi alloy with this composition at T ~ 298 K.
In the TiNi-SA samples, regardless of the fact that the
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fractions of the accumulated psg(;_») and recovered ysg(3—q)
torsional strains have increased, increase in yys is associated
with irreversible processes that occurred at a micro-scale
level. As will be shown below during SEM image analysis,
increase in A7t and yr is associated with cracking of the
TiNi-SA sample surface. Nevertheless, further heating of
the TiNi-SA samples to T ~ 308 £ 1K leads to a decrease
in Yres, Which is allowable for biomedical application of the
TiNi alloy [1-6).

Thus, it follows from the analysis of dependences in Fig-
ures 2—35 that, regardless of a small thickness of amorphous
SA (< 1um), SA effect on the TiNi substrate is significant,
and the patterns of parameter variations depending on N are
similar, as during testing of the ~ 2 um amorphous SA [15].

3.1.2. Test to failure. Figure 6 shows the ,shear stress
T — shear strain y“ curves measured during testing of the
TiNi samples (curve 1) and TiNi-SA samples (curve 2).
As can be seen, curves 7(y) during testing to failure
have a typical form for materials exposed to martensitic
transformations [4,10,26]: as the applied load is increased,
a linear stage of elastic strain accumulation in the B2(TiNi)
phase is first observed, then there is a martensitic yield
platform at 7y where psg is accumulated as a result
of martensitic transformation. As the load increases, a
linear stage occurs and characterizes the elastic strain
accumulation of the martensite phase. Then, there is
a platform at which the material starts accumulating the
plastic strain and finally failure occurs.

Figure 6 shows that the presence of SA didn’t affect the
shape of curve 7 (). This means that the strain behavior
of the TiNi-SA samples was not subjected to any change
at all strain accumulation stages. However, as for the
cyclic test, the presence of SA on the TiNi sample surface
leads to the increase in 7yv. During strain accumulation
y > 4% in the TiNi-SA samples, high 7 is maintained
on the martensitic yield platform compared with that of
the TiNi samples. Torsional strength 7., in the TiNi-SA
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samples is ~ 2.22 GPa, which is ~ 150 MPa as high as Tax
in the TiNi, for which 7. ~ 2.07 GPa. Increase in Tpax
in the TiNi-SA samples is probably associated with the fact
that the synthesized layer doesn’t undergo severe cracking or
peel of from the substrate material during testing to failure,
therefore, its effect is maintained at all strain accumulation
stages until failure. Note that accumulation of the maximum
strain to failure pp,x in the TiNi-SA samples is ~ 63 %,
which is close to that in the TiNi samples, for which
Ymax =~ 60 %. This means that the presence of SA on the
TiNi alloy surface doesn’t suppress the material capability
to accumulate plastic strain.

Thus, analysis of dependences in Figure 6 shows that the
presence < 1 um amorphous SA on the TiNi alloy surface
results in the growth of 7, to ~ 2.22 GPa without affecting
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Figure 7. SEM images of the sample surface before (g, b) and after (c—f) the cyclic torsion test (ymax = 4%, N =20, T =298 + 1K)

of samples: a,c,e — TiNi-SA; b, d, f — TiNi-SA-TC.

the material capability to accumulate pm.x that is equal
to ~ 63 %.

3.2. Electron microscopy examinations
of the submicron Ti-Ni-Ta surface alloy
morphology after the cyclic torsion test

To study the SA discontinuity, cleavage and crack analysis
and search for areas with delamination of SA from the
substrate material were performed after cyclic torsion
testing. SEM examination data for the TiNi samples without
irradiation and doping are provided in [15]. It is shown
that the TiNi surface prepared by means of machining and
electrochemical treatment is homogeneous and is free from
any cleavage or cracking after cyclic testing. Figure 7 shows
SEM-images of the TiNi-SA surface before (Figure 7,a) and
after (Figure 7, ¢ and e) the cyclic torsion test.

After synthesizing the < 1um SA, the TiNi-SA surface
has homogeneous morphology on all sides, without macro-
scopic SA discontinuities (cracking or peel of) (Figure 7,a).
After the cyclic testing, it was found that the TiNi-SA
surface at all sides was homogeneous and there were
also no signs of SA delamination from the TiNi substrate
(Figure 7,¢). However, as for the samples with ~ 2 um
amorphous SA [15], similar local microcracking areas
occurred on the sample surfaces in this case (Figure 7,¢).
Microcracks are oriented longitudinally and laterally with
respect to the axis of torsion of the sample, occur only
on the sides of the effective length and don’t approach the
edges.

Thus, as can be seen from the data shown in Figure 7, ¢
and e, the decrease in the amorphous SA thickness doesn’t
contribute to an increase in the fracture resistance of the
[SA|TiNi substrate] system. A positive result is in that
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Figure 6. Dependences of shear stress 7 on shear strain p
measured during torsion testing to failure: 7 — TiNi, 2 — TiNi-SA
and 3 — TiNi-SA-TC.

the < 1um amorphous SA doesn’t peel of from the TiNi
substrate.

3.3. Thermal cycling effect on the deformation
behavior of the [surface alloy|TiNi substrate]
system during the torsion test

Regardless of the fact that the decreasing SA thickness
didn’t contribute to any increase in the [SA|TiNi substrate]
fracture resistance, the thermal cycling test gave a positive
effect. Thermal cycling effect on the mechanical properties
and surface morphology of the TiNi-SA-TC samples will be
discussed below.

3.3.1. Mechanical properties of the [surface alloy
[TiNi substrate] system after thermal cycling. Figu-
re 2, ¢ shows that thermal cycling of the TiNi-SA-TC samples
didn’t alter the strain behavior of the TiNi alloy, however,
had the most significant effect on 7v.

It was found that 7y decreased to ~ 355MPa in
the 20th cycle in the TiNi-SA-TC samples (Figure 3,aq,
curve 3). It is shown that thermal cycling caused the
decrease in 7y by ~ 100MPa compared with that in
the TiNi-SA samples. However, the temperature change
virtually didn’t affect the behavior of Az (N), ysg(N) and
Vres(N), and the measurements in the 20th cycle are as
follows At ~ 131 MPa, ysg(;—2) ~ 2.7 %, ysg(3—4) ~ 2.5%
and pres = 0.5 % (Figure 3—5, curves 3), which corresponds
to those for the TiNi-SA samples.

A decrease in stresses was also found in the TiNi-SA-TC
samples during torsion to failure (Figure 6, curve 3). It is
shown that 7., after thermal cycling is ~ 1.89 GPa, which
is lower than that for the TiNi samples by ~ 180 MPa.
The thermal cycling effect on the capability of material to
accumulate ymax remains unchanged and is equal to ~ 60 %.
In our opinion, the decrease in stresses induced by thermal
cycling might be attributed to the following structural
changes:
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1) due to formation, accumulation and stabilization of
defects [25-27]. However, reduction of stresses in the
TiNi-SA-TC samples most probably has nothing to do with
this fact. In [26], it was shown that defect accumulation
in the multiple martensitic transformation process during
thermal cycling affects the increase in strength of TiNi
alloys;

2) it is known [16,18] that electron-beam treatments form
residual elastic stress fields that may give rise not only
to formation of martensite sublayers in the heat affected
zone [13,14,16,19,20], but also affect the elastic stress of
near-surface layers, including the change of microhard-
ness H and modulus of elasticity E [13,14,18-20]. One
of the possible reasons for reduction of stresses in the
TiNi-SA-TC samples is in that thermal cycling caused the
alteration of elastic stress of the [SA|TiNi substrate] system,
in particular, affected the relaxation of residual elastic stress
fields in the near-surface layers, which in turn made the
material more compliant to the applied torsional force.

It is planned to review the stress reduction mechanisms
in the [SA|TiNi substrate] system before and after thermal
cycling in separate studies of surface layer structure and
residual elastic stress level in the surface layers.

3.3.2. [Surface morphology of [surface alloy|TiNi
substrate] system after thermal cycling. Figure 7 shows
SEM-images of the TiNi-SA-TC surface before (Figure 7, b)
and after (Figure 7,d and f) the cyclic torsion test. After
thermal cycling, the TiNi-SA-TC surface morphology is
homogeneous on all sides, free from macroscopic SA
discontinuities. This result means that the < 1um amor-
phous SA doesn’t undergo any cracking or delamination
during thermal cycling of the [SA|TiNi substrate] system in
the martensitic transformation temperature range B2—B19’.
Taking into account that finished miniature TiNi products
are themomechanically cycled before operation [6,9,24], this
result shows that the synthesized SA meets the surface layer
integrity requirements.

After the cyclic testing, the surface of all TiNi-SA-TC
sides is homogeneous and there are no signs of SA peel
off from the TiNi substrate (Figure 7,d). Review of high-
magnification SEM images showed that single local microc-
racking areas occurred on the sample surfaces (Figure 7,f),
but the number of microcracks was less that on the surface
of TiNi-SA samples (Figure 7,¢). The SA discontinuity
areas are located in the center of the effective length of
the samples and don’t approach the edges. Microcracks are
oriented longitudinally and laterally relative to the axis of
torsion of the sample.

In the TiNi-SA-TC samples, lower microcracking is
associated with the decrease in 7y compared with that in
the TiNi-SA samples (Figure 3, a, curves 2 and 3). In other
words, a lower torque applied to the TiNi-SA-TC samples
gave rise to a less number of microcracks.

These results show that, regardless of the fact that the
amorphous SA thickness reduction didn’t contribute to any
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increase in the [SA|TiNi substrate] fracture resistance, addi-
tional thermal cycling treatment reduce surface microcrack-
ing. Taking into account that the problem of low adhesive
stability of amorphous thin films causes delamination of
the films from the substrate material [22,23], the [SA|TiNi
substrate] system after thermal cycling demonstrates a
positive result.

4. Conclusion

The additive thin-film electron-beam method with a
doping TigoTaso (at.%) film applied to the surface of TiNi
samples in the form of rectangular parallelepipeds was used
to synthesize amorphous Ti-Ni-Ta surface alloy with a thick-
ness < lum. Thermal cycling of the [SA|TiNi substrate]
system was performed in the martensitic transformation
temperature range B2—B19’. Effect of the submicron SA on
the mechanical properties of TiNi alloy during the torsion
test was examined. It was shown that SA had no critical
effect on the integral properties of TiNi substrate, but, on the
contrary, improved inelastic properties of the miniature TiNi
product prototypes. Using the torsion test and scanning-
electron microscopy data, the following conclusions were
made.

1) Electron-beam synthesis of the amorphous Ti-Ni-Ta
SA with a thickness < 1um was found to cause the
increase in the width of mechanical hysteresis of stresses At
by ~ 25MPa and the improvement of the capability of
material to accumulate and recover inelastic strain psg
higher by ~ 0.2% than that of the TiNi samples. The
martensitic strain accumulation start stresses 7y measured
in the 20th cycle remain unchanged and are equal
to ~ 460 MPa.

2) Regardless of a small SA thickness (< 1um), the
presence of SA on the TiNi alloy surface leads to the
growth of 7. to ~ 2.22 GPa without affecting the material
capability to accumulate pmax that is equal to ~ 63 %.

3) Electron microscopy examinations showed that the
submicron amorphous SA didn’t peel off from the TiNi
substrate after the cyclic torsion test. However, the decrease
in the SA thickness didn’t contribute to any increase in the
[SA|TiNi substrate] fracture resistance.

4) Thermal cycling of the [SA|TiNi substrate] within
the martensitic transformation temperature range B2—B19’
affected a) the reduction of ny by ~ 100 MPa leading to
b) the increase in the fracture resistance of the [SA|TiNi
substrate| system.

Thus, for medical and non-medical miniature (< 1mm)
products made of TiNi alloys, in order to improve the
mechanical properties, radiopacity, corrosion resistance and
biocompatibility by synthesizing the Ti-Ni-Ta surface alloys,
additional thermal cycling treatment serve as a tool to
change the elastic stress of the [SA|TiNi substrate] system
facilitating increased fracture resistance of the synthesized
surface layer.
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