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Effect of electron-beam Ti-Ta surface alloying on the mechanical
properties and deformation behavior of the TiNi alloy

in cyclic torsion tests
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The dependencies of changes in the mechanical properties and deformation behavior of the TiNi alloy with
synthesized Ti-Ni-Ta-based surface alloys with a thickness of ~ 1—2um were investigated in cyclic torsion tests.
The synthesis of surface alloys was carried out by alternating the operations of deposition of a TizgTaszg and TisoTaso
(at. %) alloying film and liquid-phase mixing of the film/substrate using a pulsed low-energy high-current electron-
beam. It was found that electron-beam synthesis leads to an increase in the stress of martensite shear 7w by
~ 10—20 MPa, in the stress of mechanical hysteresis width Ar by ~ 40—75MPa, as well as to the ability of the
material to accumulate and recover inelastic strain by ~ 0.2% more compared to initial TiNi alloy. After cyclic
torsion tests, subsequent heating of the modified samples to a temperature T ~ 308 £ 1K leads to the recovery of

the accumulated residual strain ot
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1. Introduction

Alloys based on nickel titanium alloy (alloys TiNi), having
shape memory effect and superelasticity (SME-SE), are
used to manufacture actuators of microelectromechanical
systems (MEMS) [1-5], used in operation of miniature
products of medical [1-3,5] and nonmedical [4,5] pur-
pose (surgical tools, implants, actuators, temperature sen-
sors, etc.). To improve physical and mechanical properties,
radiopacity, corrosion resistance and biocompatibility of
TiNi alloys, while maintaining the inelastic characteristics
of the alloy (SME-SE) currently ion-beam [6], electron-
beam [7], laser [8] and ion-plasma [9-15] methods of surface
treatment are used.

The thin-film metal glasses (TFMG) formed on surface
of alloys of structural and functional purpose ensure sig-
nificant increase in corrosion resistance [12] and fatigue
characteristics [10,13,14] of substrate materials. The study
results [10,13,14] showed that formation of thin (< 1um)
amorphous metal coatings on surface of functional (alloys
TiNi [10,13]) and structural (stainless steel [13], alloy
Ti-6Al-4V [14]) materials facilitates significant increase in
fatigue characteristics (fatigue limit, critical stress before
failure) of systems [coating/substrate]. However, low me-
chanical compatibility and strength of the coatings adhesion
to the substrate can lead to peeling of the coatings even
at small strains (< 1%) [15], including during operation on
surface of products of alloys TiNi [13].

So, the peeling problems, limited adhesion strength and
low mechanical compatibility of TFMG with TiNi-substrate
due to presence of interface between them make TFMG
unpromising for application to miniature product of alloy
TiNi operating at alternating cyclic loading. These problems
can be overcome if on surface of TiNi-substrate surface
alloys (SAs) [16-20] with given chemical composition
(based on systems of Ti, Ni and Ta) and thickness
(~1-2um) are formed using additive thin-film electron-
beam synthesis. The essence of this method [16] consists
in repeated alternation of operations of deposition of a
dopant film of given composition (Tiz_goTazo—40 (at.%)
and thickness (~ 50—100nm)) and liquid-phase mixing of
the film components and substrate using a pulsed low-
energy (< 30keV) high-current (up to ~ 25kA) electron-
beam (LEHCEB) of microsecond duration (~ 2—4us) in
single vacuum cycle.

According to study results [16-19], obtained by TEM
methods, the synthesized on TiNi-substrate SA based on
system Ti-Ni-Ta using the alloying films TizoTazp [16-18]
and TigoTasg [16,19], are characterized by different structure,
differ by chemical and phase compositions. The experi-
ments [16-18] showed that using the alloying films TizTazo
on surface of alloy TiNi SA is formed with thickness
~ 1um, which has multilayer nanocomposite (amorphous-
nanocrystalline) structure. On the other hand, [16,19]
showed that using films TiggTasp on surface of alloy TiNi Sa
was formed with thickness ~ 1.8 um, which has multilayer
amorphous structure. The structural diagrams and detail
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description of structural studies of these SAs are given in
papers [16-19].

According to the study results obtained by instrumental
indentation methods [18,19], the synthesized SA based
on system Ti-Ni-Ta have by ~ 2 and ~ 1.5times higher
values of microhardness H and modulus of elasticity E,
respectively, than alloy TiNi, but at that with values of
elastoplastic parameters close to values of TiNi-substrate.
It is shown than due to high plasticity and monotonous
measurement of physical and mechanical properties from
surface to substrate, SAs have high mechanical compatibility
with TiNi-substrate. The studies [16-19] showed that
these SAs according to their physical and mechanical (high
strength and plasticity [18,19], mechanical compatibility
with substrate [18,19]) properties and decreased concen-
tration of nickel [16,17,19] have high potential of use in
industry of miniature products of medical and nonmedical
purpose as protective barrier layers on surface of alloys
TiNi. However, a number of problems arose during the
studies [16-19] stay unsolved.

1) Previously studied structural and physical-mechanical
properties of SA based on Ti-Ni-Ta were studied on model
flat TiNi-samples with simple geometric shape (plane-
parallel plates of dimensions 1 x 10 x 10 mm). Behavior
of systems [SA/TiNi-substrate] was not studied during me-
chanical tests of samples-prototypes of miniature products,
in particular during cyclic torsion tests.

2) There are no data on SA effect on the mechanical
properties and strain behavior of alloy TiNi depending on
construction (mono-/multilayer), structure (nanocomposite,
amorphous) and physico-mechanical properties of SA.

3) Effect was not determined of SA on the important
operation characteristics of alloy, such as: stress of beginning
of martensite shear accumulation, stress of mechanical
hysteresis, value of reversible inelastic strain, i.e. strain
accumulated during loading above the elastic strength and
recovered during unloading, value of accumulated residual
strain after each cycle of test.

4) SA morphology after mechanical torsion test was not
studied. Mechanisms of strain and destruction of systems
[SA/TiNi-substrate] were not studied.

So, the present paper objective — during cyclic torsion
tests of samples-prototypes of miniature products determine
patterns of change in mechanical properties and strain
behavior of alloy TiNi with synthesized on its surface
SA based on Ti-Ni-Ta (using alloying films TizgTasy and
TigoTasg (at. %)), and also determine the interrelationship of
these properties and construction, structure, and physico-
mechanical properties of SA.

2. Material, processing and study
methods

2.1. Materials and surface preparation methods

Samples were prepared from alloy TiNi grade TH-1,
obtained by method of vacuum induction melting on

furnace with graphite crucible (MATEK-SPF, Russia).
Chemical composition of the alloy: Ti(balance)-55.75 Ni-
0.0350-0.02C-0.003N-0.001 H (wt.%). ratio Ti:Ni in
phase B2(TiNi) corresponds to composition 49:51 (at.%).
Temperatures of beginning (Ms, As) and completion
(M¢, A;) of direct and reverse martensite transfor-
mations B2 = B19: Mg =288 £ 2K, M; =268 + 2K,
As =308 2K, Af =313+2K. Samples in form of
rectangular parallelepipeds of dimensions 1 x 1 x 25mm
for cyclic torsion tests were cut out by method of electric
discharge sawing in water from initial plate semiproduct.
Initial stage of sample surface preparation is chemical
etching in solution (composition and concentration of acids
in ratio: 3 parts of fluoric acid HNO3 + 1 part of hydroflu-
oric acid HF) to remove external oxide layer. Further by
method of vibromechanical treatment the samples were
finished for ~ 120hours in vibratory finishing machine
SP-A12 (Carlo De Giorgi, Italy). During finishing the
filler in form of porcelain cylinders ZSP 3/5 (OTEC,
Germany) was used. To wash out the wear products
after each ~ 40 hours the samples and filler were washed
initially in acetone, and then in running water. Upon the
vibromechanical treatment completion ultrasonic cleaning
in bath UZV-5.7 TTTs (Sapphire, Russia) with distilled
water at T ~ 298 K, for t = 30 min was performed. Further
samples were subjected to electrolitic polishing in solution
(3 parts of vinegar acid CH3COOH +1 part of chloric acid
HCIOy), for t from ~ 5 to ~ 10s, at current | from ~ 1
to ~ 3 A and voltage U from ~ 15 to ~ 20V, with solution
cooling in water-ice mixture to T ~ 278 K. Then ultrasonic
cleaning was performed in bath with distilled water at
T ~ 298K, for t = 30 min. The samples were dried using
lint-free paper and loaded in individual packages. Further
samples prepared in such way were marked as TiNi.

2.2. Electron-beam synthesis of surface
alloys Ti-Ni-Ta

The surface alloys Ti-Ni-Ta (SA) on samples TiNi were
formed in single vacuum cycle on a modified automated
set-up ,,RITM-SP“ (Microsplav, Russia) [21,22]. In set-up
work chamber the rectangular samples were secured in
attachment such that surface modification was performed
simultaneously for two faces. Samples were installed on
movable work table, its movement ensured operations of
film deposition and its pulse electronic-beam liquid phase
mixing with substrate in single vacuum cycle. Then
admission was performed, samples were turned over, and
two rest faces were treated.

Before SA synthesis to smooth the surface and to
homogenize the surface layer the pulse LEHCEB-treatment
was applied in the mode of surface melting (energy
density of the electron beam was Eg = 2.5J/cm?, num-
ber of treatment pulses was n= 10, maximum electron
energy U = 21keV, pulse duration ~ 2—3us). Further,
on samples surface by magnetron method, simultaneously
from two magnetrons the films TizoTaso and TigoTaag (at. %)
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~ 50nm thick were deposited by method of sputtering
single-component targets of pure elements Ti (99.95 wt. %)
and Ta (99.95wt.%) (Girmet, Russia). Composition of
the deposited films was monitored by energy dispersive
spectroscopy (silicon drift detector X-ACT (Oxford Instru-
ments, Great Britain)) using LEO EVO 50 (SEM) (Zeiss,
Germany) scanning electron microscope at an accelerating
voltage of U = 10kV. According to measurements the film
composition corresponds to the calculated one (TizgTaszp and
TigoTasp) with accuracy +2at.%. The films practically did
not contain carbon, the oxygen concentration in them did
not exceed a few at.%. Liquid phase mixing of the system
[Ti-Ta-film/TiNi-substrate] was performed using LEHCEB
in mode Eg = 2J/cm? and n=5. Number of synthesis
cycles ,,deposition-melting”“ was repeated 20times during
SA synthesis using film Ti;gTazp and 30times during SA
synthesis using film TiggTasg. In both cases the temperature
of TiNi-substrate did not exceed 473 K by the end of the
synthesis. Expected thickness of synthesized SA based on
Ti-Ni-Ta (using alloying films TizgTasp and TigoTasp) was
~ 1 and ~ 1.5um, respectively. Further, SAs synthesized
in such way are designated as SAl and SA2. Samples
TiNi after synthesis of SA1 and SA2 on surface of alloy
are designated as TiNi-SA1 and TiNi-SA2.

2.3. Cyclic torsion tests

Mechanical torsion test were performed in test ma-
chine ,,NDV-100“ (Metrotest, Russia) according to GOST
3565—80 [23]. Set-up control and plotting of strain curves
were performed using software ,,M-Text ACS* (Metrotest,
Russia).

Test cycle comprises torsion of sample with permanent
speed (70°/ min(4% / min)) up to strain value ymax = 4%.
Then, with same speed of rotation in opposite direction
the load was removed to zero. Number of test cycles N
was 20. Length of sample work part | was ~ 18 mm. Tests
were performed at temperature T ~ 298 4+ 1 K, clockwise,
using strain gauge, for which high limit of measurement of
force torque was ~ 1I0N*m. Torsion test was applied to
3 samples from groups TiNi, TiNi-SA1 and TiNi-SA2.

Accumulated and recovered strain was registered in form
of curves ,force torque M — torque angle @“, which
were converted in dependences ,,shear stress 7 — torsional
strain »“ (Figure 1).

Values of tangential stresses 7 were calculated using the
following equation

M6

=5
where M — force torque, d — arithmetic mean of sample
thickness.

Torsional strain p was determined using the following
equation

~ @-d-05
~1-0.01-180°/7°
where ¢ — torsion angle, | — sample work length.
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By experimental data (curves 7 —p, Figure 1) were
determined stress of beginning of martensite shear accu-
mulation — 7y, stress mechanical hysteresis — A7, value
of reversible inelastic strain accumulated under loading over
elasticity limit — y;_,, and recovered during unloading —
Y3—4, value of residual strain accumulated after each test
cycle — pn, and accumulated after each cycle considering
previous cycles — Pua.  Then dependences of these
parameters on cycle ,loading-unloading“ N were plotted.
After mechanical torsion tests the morphology of SA was
studied by SEM method under modes of images obtaining
in secondary and back-scattered electrons. The studies were
carried out on the equipment of ,NANOTECH*“ Center of
Equipment Sharing ISPMS SB RAS (Russia, Tomsk).

3. Results and discussion

3.1. Effect of surface alloys Ti-Ni-Ta
on mechanical properties and strain behavior
of alloy TiNi during cyclic torsion tests

Papers [16-19] provide sturdy results relating construc-
tion, structure and physico-mechanical properties of SA1
and SA2 synthesized on surface of alloy TiNi. Let’s consider
changes in mechanical properties and strain behavior of
alloy during cyclic torsion tests depending on features
of structure and properties of SA (SAl — multilayer
nanocomposite composition [16-18], SA2 — monolayer
amorphous composition [16,19]).

Figure 2 shows curves of accumulation (under load) and
recover (during unloading) of torsional strain (Ymax = 4%),
obtained at T ~ 298 + 1K on samples TiNi (curves 1),
TiNi-SA1 (curves 2) and TiNi-SA2 (curves 3) depending
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Figure 1. View of curves ,shear stress 7 — torsional strain »*,
where 7y — stress of beginning of martensite shear accumulation,
At — mechanical hysteresis of stress; 1., and y3_,4 — value of
reversible inelastic strain accumulated under loading over elasticity
limit and recovered during unloading, yn — value of residual strain
after each cycle of ,loading-unloading” N.



1196 F.A. D’yachenko,

V.V. Loban’, V.O. Semin, D.V. Chepelev, M.G. Ostapenko, L.L. Meisner

500 F Yinax = 4% 3
N =20 cycles ;
400F T~298+£1K 2]

(98]
o
S

Shear stress T, MPa

200
— ] - TiNi ]
100 2 —TiNi-SA1 4
—— 3 —TiNi-SA2 |
O " /(A W TN N T T T T T T T T T W N 1 | IR R A 1 | I |-
3 4

Shear strain y, %

Figure 2. Curves ,shear stress 7 — torsional strain »*, obtained
during cyclic torsion tests for samples: / — TiNi; 2 — TiNi-SA1;
3 — TiNi-SA2.

on cycle ,loading-unloading® N from 1 to 20. By
these diagrams we determined parameters characterizing
mechanical properties — stress of beginning of martensite
shear accumulation — 7y (Figure 3,a), stress mechanical
hysteresis — Az (Figure 3,5), value of reversible inelastic
strain accumulated under loading over elasticity limit —
y1—2 (Figure 4,a) and recovered during unloading — y3_.4
(Figure 4,b), value of residual strain accumulated after
each test cycle — pn (Figure 5,a), and accumulated after
each cycle considering previous cycles — pioa (Figure 5, b).
Figures 3—5 separately shows confidence ranges of values
change of studied parameters.

Figure 2 shows that in samples TiNi (curves /) loops of
strain accumulation and recover have ,flag-like” shape with
narrow hysteresis typical for alloys TiNi with SE effect [1,2].
Loops shape is repeated during accumulation N from 1

< ! ]
[ ! a -

S 420}, | —=—/_TiNi 1

s | | 2 - TiNi-SA1

° 4101 : —=— 3 — TiNi-SA2

2 400l |

7 ! ! 3]

§ [ | ; |} n

5 [ . ]

£ 390} | : = /]

RS | _

5 380 e 1ot : 2]

% C cycle E : ]
0 5 10 15 20

Number of cycles N

Stress of mechanical

to 20. In samples TiNi-SA1 (curves 2) and TiNi-SA2
(curves 3) curves 7 —p have shape close to ,flag-like*
shape in curves of samples TiNi. Shape of loops changes
during accumulation N from 1 to 10, then repeat at N from
~ 10 to 20. It is obvious that despite low (~ 1—2um)
thickness of SA and their effect on physico-mechanical
properties of alloy TiNi to depth > lum [18,19], the
synthesized SA affected the strain behavior and mechanical
properties of the alloy TiNi. Firstly, after SA synthesis
inclination of curves changed during stages of accumulation
and recover of reversible inelastic strain. Secondly, during
first ~ 10 cycles the stresses of beginning of martensite
shear accumulation 7y in SA samples were higher by
~ 10—20MPa (Figure 3,a, curves 2 and 3), and higher
by ~ 5—15MPa on average (for all cycles) than in samples
TiNi (Figure 3,a, curve 7). Thirdly, in samples with SA
width of stresses mechanical hysteresis Ar increased by
~ 40—75MPa (Figure 3,b, curves 2 and 3), relative to
samples TiNi (Figure 3, b, curve I). But in case of
samples TiNi-SA2 shape of loops of strain accumulation and
recover changes weakly, while in case of samples TiNi-SA1
changes in curves 7 —p and in mechanical properties
were significant. Let’s consider changes and difference
in mechanical properties in samples TiNi, TiNi-SA1 and
TiNi-SA2, that differ by construction, structure and physico-
mechanical properties.

In samples TiNi upon N accumulation from 1 to ~ 10
stresses are 7y ~ 394 MPa (Figure 3,a, curve I). After
~ 10 test cycles dependence 7v(N) reaches plateau, and
parameter 7y ~ 391 MPa. It was previously showed that in
samples with SA stresses 7y were higher than in samples
TiNi. In both cases with N increasing to 20 we observed
linear decreasing of values 7y to ~ 380 and ~ 398 MPa in
samples TiNi-SA1 and TiNi-SA2, respectively (Figure 3,a,
curves 2 and 3). Upon N accumulation from 1 to ~ 10
in samples with SA the inclination of curves mv(N) is
higher than in samples TiNi. But, upon N accumulation
from 10 to ~ 20 in samples TiNi-SA1 values 7y decrease
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Figure 3. Dependence of stress of beginning of martensite shear accumulation 7v (@) and stress mechanical hysteresis Ar (b) on number
of cycles ,Joading-unloading” N for samples: 7 — TiNi; 2 — TiNi-SA1; 3 — TiNi-SA2.
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Figure 4. Dependence of reversible inelastic strain accumulated during loading 1, (a) and recovered during unloading y3_4 (b) on

number of cycles ,,loading-unloading™ N for samples: / — TiNi; 2 —

by ~ 5—10MPa, as compared to samples TiNi. In sam-
ples TiNi-SA2 same decrease in values 7y finishes after
~ 15 cycles, and value 7y stays higher by ~ 10 MPa than
in samples TiNi. Analysis of the parameter A7z in curves
7 —y showed (Figure 3,b, curves /—3), that in samples
TiNi, TiNi-SA1 and TiNi-SA2 average (over all cycles)
values At are ~ 94, ~ 169 and ~ 135MPa, respectively.
For all samples during N accumulation from 1 to 20 the
dependences At (N) are linear.

Considering that under same test conditions the samples
TiNi, TiNi-SA1 and TiNi-SA2 differ by structure and prop-
erties of surface layers of micron thickness, the identified
differences in values of parameters 7y and Ar and patters
of their change, presumably, are due to difference in their
surface structure and properties. 7y increasing in samples
TiNi-SA2, as compared to samples TiNi-SA1, can be due to
that SA2 has completely amorphous surface layer ~ 1.8 um
thick [16,19], which on surface (< 500nm) is characterized
by high values of parameters of microhardness H ~ 7 GPa
and modulus of elasticity E = 86.5 GPa [19], as compared
to SAl. This means that at stage of elastic accumulation
of torsional strain more higher torque shall be applied to
samples TiNi-SA2 than in case of samples TiNi. And by
contrast, in samples TiNi-SA1, where SA1 is characterized
by lower thickness (~ 1um) and by multilayer nanocom-
posite structure [17], with high parameters H ~ 7.5 GPa and
E ~ 90 GPa [18], 7y increasing is observed only during N
accumulation from 1 to ~ 10. Further 7y decreasing is
probably associated with that in samples TiNi-SA1 between
SA and TiNi-substrate there is intermediate diffusion zone
(~ 1um thick) [17], where below located nanocrystalline
sublayers have high elasticity § =~ 70% [18] (in paper [18]
values of plasticity parameter § are calculated as per data of
instrumented indentation using Yu.V. Milman method [24]).

Figure 4 shows dependences of value of reversible inelas-
tic strain accumulated during loading y;_., (Figure 4, a) and
recovered during unloading y3_.4 (Figure 4, b), on number

Physics of the Solid State, 2024, Vol. 66, No. 7

TiNi-SA1; 3 — TiNi-SA2.

of cycles N in samples TiNi (curves 7), TiNi-SA1 (curves 2)
and TiNi-SA2 (curves 3), respectively. In samples TiNi
values of accumulated y;_, and recovered p3_.4 strain
differ by ~ 0.1% during number of cycles N accumulation
from 1 to ~ 10 (curves /), and practically coincide upon
reaching 20-th cycle, ie. p1_2~7y3_4. In samples
TiNi-SA1 (curves 2) values y1_,» and y3_.4 are higher than
in samples TiNi. During first ~ 10 test cycles there is
divergence between branches of accumulation and recover
in ~ 0.15%. When reaching 20-th cycle this divergence
decreases to ~ 0.05%. In samples TiNi-SA2 (curves 3)
values y1_,, and y3_4 are lower than in samples TiNi-SA1,
but higher than in samples TiNi. So, during first ~ 10
test cycles there is divergence between y;_,, and y3_.4 by
~ 0.2%. After 20cycles this divergence keeps at level of
~0.1%. Identified divergence between p;_, and y3_.4
in samples TiNi-SA2 is linked with that this SA having
high strength amorphous structure and lower plasticity
8 = 60% [19], probably, starts cracking during first loading
cycles. In other words, as a result of cracking, SA2 began
to have a lesser effect on the integral inelastic properties of
the TiNi substrate.

In both cases the analysis of reversible inelastic strain
accumulated during loading y;_,, and recovered during
unloading y3_.4 shows that SA presence results in increase
in inelastic properties of the substrate materials. This is
confirmed by average (over all cycles) values p;_, and
734, calculated during loading and unloading: ~ 2.4 and
23% (in samples TiNi), ~ 2.6 and 2.5% (in samples
TiNi-SA1), ~ 2.5 and 2.3% (in samples TiNi-SA2). In
other words, the surface modification resulted in increase
in the duration of the stage of accumulation and recover
of inelastic strain on the curves 7 — . However, samples
with SA during first ~ 10 cycles demonstrate higher by
~ 0.05—-0.1% divergence of branches of accumulation and
recover of strain than in samples TiNi. When 20-th cycles
is reached this divergence practically absent entirely in
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Figure 5. Dependence of residual strain accumulated after each test cycle yn (a) and accumulated after each cycle considering previous
cycles pwi (b) on number of cycles N for samples: 1 — TiNi; 2 — TiNi-SA1; 3 — TiNi-SA2.

samples TiNi-SA1, and in samples TiNi-SA2 it present and
is ~ 0.1%.

The obtained results show that despite presence in SA
by ~ 2 and ~ 1.5times higher values of microhardness
and modulus of elasticity [18,19] as compared to TiNi-
substrate, and their effect on mechanical properties of
alloy TiNi (my higher by ~ 10—20MPa (Figure 3,a), Ar
higher by ~ 40—75MPa (Figure 3,b)), the electron-beam
synthesis of SA resulted in increased inelastic properties of
alloy TiNi, i.e. increase in accumulation and recover of
inelastic strain by ~ 0.2%. This effect can be explained
by the fact that, as it was explained earlier, at stage of
elastic accumulation of torsional strain more higher torque
shall be applied to strengthened samples with SA than in
case of samples TiNi. In turn, this resulted in fact that
in the process of accumulation and recover of reversible
inelastic strain in samples with SA, a large volume fraction
of TiNi-substrate material was involved, where reversible
martensite B2 = B19’ transformation occurred, this resulted
in increase in portions of accumulated p;_,, and recovered
¥3_,4 components of torsional strain.

Figure 5 shows dependences of residual strain accumu-
lated after each test cycle yn (Figure 5,a), and accumulated
after each cycle considering previous cycles piora (Fig-
ure 5,b) in samples TiNi (curves 1), TiNi-SA1 (curves 2)
and TiNi-SA2 (curves 3). Figure 5,a,b, separately, show
values of py at N =1, which are ~ 0.05, ~0.15 and
~ 0.3% in samples TiNi, TiNi-SA1 and TiNi-SA2, respec-
tively. In samples TiNi-SA1 and TiNi-SA2 py increasing at
N =1 can say about SA cracking resulted in incomplete
recover of residual strain. In all samples strain py on
average (over all cycles, not considering data for N = 1)
is ~0.01%. The obtained result shows that in samples
with SA, excluding first test cycle, accumulation of the
residual strain after each cycles is close to values py in
samples TiNi. Figure 5,5 shows that after 20 cycles
accumulation in samples TiNi-SA1 and TiNi-SA2 the level

of the accumulated strain oy 18 ~ 0.19 and ~ 0.16%
(not considering data for N = 1), respectively. In samples
TiNi after 20cycles piora &~ 0.18% (not considering data
for N =1). The obtained result shows that electron-beam
synthesis of SA does not result in increase in accumulation
of the residual strain during cyclic torsion tests.

It is important to note that incomplete recover of strain
during N accumulation from 1 to 20, observed in samples
TiNi, TiNi-SA1 and TiNi-SA2 (considering data for N = 1),
which is ~ 0.23, ~0.34 and ~ 0.44%, respectively, is
probably determined by the presence of residual portion
of martensite phase,which presence in alloy TiNi of this
composition is possible at T ~ 298 + 1 K. Upon cyclic tests
completion the next heating of all samples to temperature
T ~ 308 + 1K results in recover of the residual strain,
which is allowed for biomedical application of the alloy
TiNi [1-5].

3.2. Electron microscopy studies of surface
morphology of surface alloys Ti-Ni-Ta
after cyclic torsion test

Upon mechanical test completion the important step of
the performed studies is study of mechanisms of strain
and destruction of synthesized SA1 and SA2 depending
on features of the construction, structure and physico-
mechanical properties. One of stages of such studies is
identification of discontinuities of surface layers, analysis
of chips and cracks on surface, search of regions with SA
peeling from substrate material.

Figure 6 shows SEM-images of surface of samples TiNi
before (Figure 6,a) and after (Figure 6,5, ¢) cyclic torsion
test (Pmax = 4%, N =20, T =298+ 1K). Figure 6,a
shows that before SA synthesis the surface of samples
TiNi, prepared for use of methods of vibromechanical
and electrochemical treatments, is homogeneous, without
notches and slag on faces, which occurred after electric
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TiNi

TiNi-SAl

TiNi-SA2

After tQ,rSi,OI,lf,

Figure 6. SEM-images of sample surface before (a,d, g) and after (b, ¢, e f ki) cyclic torsion test (Ymax = 4%, N =20, T = 298 + 1K):

a—c — TiNi; d—f — TiNi-SA1; g—i — TiNi-SA2.

discharge sawing. Preliminary treatments of surface resulted
in smoothing of edges of rectangular samples. After cyclic
test we determined (Figure 6,b,¢) that on surfaces of
samples TiNi there were regions containing sliding bands
at angle to the torsion axis of the sample. Average length
of bands is ~ 100 um. No chips and cracks are observed on
surface of samples TiNi.

Figure 6 shows SEM-images of surface of samples
TiNi-SA1 (Figure 6,d—f) and TiNi-SA2 (Figure 6,g—1i)
before and after cyclic torsion test. Analysis of mor-
phology and topography of surfaces of SAl and SA2,
previously made on samples in form of plane-parallel plates
(1 x 10 x 10mm), showed [16] that the electron-beam
method ensures synthesis of both SAs with homogeneous
and smoothed morphology of surface. During such SAs
synthesis on rectangular samples (1 x 1 x 25mm) similar
result is achieved (Figure 6, d, g). Note that SA morphology
is homogeneous not only on faces but in region of edges
of samples. After SA electron-beam synthesis no cracks are
determined on surface of samples TiNi-SA1 and TiNi-SA2.

When studying samples TiNi-SA1 after cyclic torsion
test we determined that on all faces the surface of
samples is homogeneous (Figure 6, ¢), without microscopic
discontinuities of SA integrity. Detailed SEM analysis of
the surface at high magnifications showed that local regions
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with microcracks formed on the surface (Figure 6, f). Micro-
cracks are oriented along mutually orthogonal directions —
in the longitudinal and transverse directions relative to the
torsion axis of the sample (indicated by dashed arrows).
Microcracks form cellular grid, where the shape of the grid
elements (cells) — rectangular (highlighted by the dashed
line ). Microcracks are located only on faces of work portion
of rectangular samples and do not extend to edges. No signs
of SA1 peeling from TiNi-substrate are determined.

After tests of samples TiNi-SA2 it was determined that on
all faces the samples surface is homogeneous (Figure 6, 7).
At that on surface similar local regions with microcracks
were formed (Figure 6,i). Microcracks are oriented in
longitudinal and transverse directions relative to the torsion
axis of the sample (indicated by dashed arrows). However,
in the longitudinal direction the microcracks are located
at angle to the torsion axis. The microcracks form a
cellular grid and do not extend to the edges of the
samples. No signs of SA2 peeling from TiNi-substrate are
determined.

So, after cyclic torsion tests there are differences between
destruction of samples TiNi with SA1 and SA2: 1) in sam-
ples TiNi-SA2 cracks in longitudinal direction are located
at large angle to the torsion axis of sample; 2) in samples
TiNi-SA2 regions with microcracks have large dimensions,



1200 F.A. D’yachenko, V.V. Loban’, V.O. Semin, D.V. Chepelev, M.G. Ostapenko, L.L. Meisner

and shape of grid elements changed from rectangular to
parallelograms (Figure 6,1, shown by dashed line).

As per data the formation of large regions of TiNi-SA2
cracking is associated, by our opinion, with the fol-
lowing reasons [16,19]: 1) amorphous structure of SA2;
2) large thickness (~ 1.8 um); 3) surface (< 500 nm) layer
is characterized by high values of modulus of elasticity
E ~ 86.5GPa and low plasticity § ~ 60%, and 4) by high
values of stress martensite shear accumulation 7y during
first cycles (my ~ 418 MPa, Figure 3,a, curve 3). This
means that application of larger force torque to ordered
samples TiNi-SA2 resulted in cracking of amorphous SA2 at
stage of elastic accumulation of torsional strain during first
loading cycles. Due to the obtained results there are grounds
to suppose effect of scale factor on properties of the system
[amorphous SA/TiNi-substrate]. In other words, the possi-
bility of reducing the thickness of amorphous SA2 seems
promising, which will: 1) facilitate in its fracture resistance
increasing; 2) ensure properties improvement of miniature
products (< 1 mm) of alloy TiNi without critical effect on
the integral inelastic properties (SME-SE) of TiNi-substrate.

On the other hand, in samples TiNi-SA1l, with lesser
thickness of SA1 (~ 1um), multilayer construction of it
is nano composite despite high parameters H ~ 7.5 GPa
and E ~ 90GPa in surface (< 500nm) layer, lesser sur-
face cracking is associated with presence of intermedi-
ate diffusion zone (thickness ~ 1um), where the lay-
ing below nanocrystalline sublayers have high plasticity
(6 = 70%) [16-18]. In turn, determined differences in
nature of destruction of SA1 and SA2, namely in change of
grid elements (cells) in regions with microcracks (Figure 6,
fi), can be associated with difference in structure and
properties of SA1 and SA2.

Thus, electron microscopy studies showed that surface
alloys Ti-Ni-Ta synthesized on surface of samples TiNi in
form of parallelepipeds doe not peel from TiNi-substrate af-
ter cyclic torsion test (Ymax = 4%, N =20, T = 298 + 1K).
Depending on construction, structure and properties of
SA on samples surface the local regions with microcracks
were formed, they were oriented at different angles along
directions relative to torsion axis of sample. Microcracks
are located only on faces of work portion of rectangular
samples and do not extend to edges.

4. Conclusion

In this paper, surface alloys based on the Ti-Ni-Ta system
were synthesized using the additive thin-film electron-beam
method on the surface of TiNi samples in the form of
rectangular parallelepipeds using alloying films TizgTaszg
and TigoTas (at.%). The effect of construction, structure
and properties of surface alloys Ti-Ni-Ta on mechanical
properties and strain behavior of alloy TiNi during cyclic
torsion tests were studied. It is shows that surface alloys
Ti-Ni-Ta have no critical effect on integral properties of
TiNi-substrate, but by contrast result in increase of inelastic
characteristics of samples-prototypes of the miniature pro-
ducts of alloy TiNi. Based on data obtained during torsion

tests and by method of scanning electron microscopy the
conclusions are made.

1. Evaluation of stress of martensite shear accumula-
tion 7y and stresses of mechanical hysteresis width Az
shows that electron-beam synthesis results in increase of
parameters 7y by ~ 10—20 MPa and Ar by ~ 40—75MPa
as compared to samples TiNi without irradiation and
alloying.

2. Evaluation of dependences of values of reversible
inelastic strain accumulated during loading above elastic
limit 91_,» and recovered during unloading y3_,4 shows that
the electron-beam synthesis results in ~ 0.2% increase in
ability of the material to accumulate and recover inelastic
strain.

3. Synthesis of surface alloys Ti-Ni-Ta does not result
in increase in residual strain yy, accumulated after each
cycler ,loading-unloading“ N. In modified samples the
strain pn on average (over all cycles, not considering data for
N = 1) is ~ 0.01%, this corresponds to values for samples
TiNi without irradiation and alloying. Upon completion of
cyclic torsion test the next heating of modified samples to
temperature T ~ 308 £ 1K results in recovery of residual
strain Piota).

4. Electron microscopy studies show that after cyclic
torsion test the surface alloys Ti-Ni-Ta do not peel from
TiNi-substrate. On surface of modified samples the local
regions were formed with microcracks which depending on
type of structure of surface alloy and its properties have
different dimensions and orientation of cracks relative to
torsion axis of sample.

The results obtained are of practical significance, since
they allow us to establish that for miniature (< 1 mm)
products of medical and nonmedical purpose manufactured
from alloys TiNi to improve physico-mechanical properties,
radiopacity, corrosion resistance and biocompatibility of
these alloys, an electron beam method for the synthesis of
surface Ti-Ni-Ta alloys is suitable, which complies with the
requirements of high reversibility of strain of alloys TiNi in
narrow mechanical or temperature range.
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