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Abstract: The cyclic stability of superelasticity in compression in [001]g,-oriented Tigg 3Nisg 7 single
crystals is considered in this paper. The crystals were aged at 823 K for 1.0 h in air and helium. It has
been experimentally shown that a two-layered surface thin film, consisting of a Ni-free oxide layer
and a Ni-rich sublayer, appears after the oxidation at 823 K in air. The surface layers have a weak
effect on the forward B2-R-B19” martensitic transformation temperatures: Tr temperature increases by
4 K; M and Mg temperatures decrease by 6 K. The oxide layer does not affect either the superelasticity
response during fatigue tests or the temperatures of reverse B19’-B2 martensitic transformation. The
cracking of the surface oxide layer during fatigue tests was not found in [001]p,-oriented single
crystals aged in air. This is contributed by the relaxation of internal stresses. Such internal stresses
are caused by both the formation of an oxide layer during aging and the matrix deformation at the
stress-induced martensitic transformation. The main relaxation mechanisms of the internal stresses
are the oriented growth of Ti3Ni4 precipitation near a thin surface film at aging in air, the formation of
dislocations near the precipitation-matrix interface and a fine twinned B19’-martensite at fatigue tests.

Keywords:
functional properties

martensitic transformation; single crystals; aging; precipitation; oxide layer;

1. Introduction

TiNi-based shape memory alloys (SMAs) are widely used in engineering and medicine
as functional materials of a new generation owing to the combination of the shape memory
effect (SME), superelasticity (SE), high plasticity, biocompatibility and corrosion resis-
tance [1-3]. The SME and SE are effectuated by reversible B2-R-B19’ martensitic transfor-
mations (MTs) in these alloys.

The SME and SE of NiTi binary alloys are sensitive to thermomechanical treatments,
which are used as a means of controlling the properties of these alloys due to the mi-
crostructure change (particles precipitation) [4-7]. Also, TiNi alloys have been known to
react vigorously with oxygen at elevated temperatures to form titanium oxide TiO, (rutile).
The formation of titanium oxide on the surface of biomedical TiNi implants improves
their corrosion resistance as well as biocompatibility by eliminating nickel from the sur-
face, which is known to be toxic and allergenic in Ni-sensitive patients [8-17]. Thus, the
achievement of optimal SME and SE due to the particles precipitation together with the
modification of the NiTi alloys surface with a protective oxide layer is topical to working
out the medical TiNi-based materials.

Most of the previous studies of the TiNi alloy with an oxide layer have concerned
medical applications and focused on the identification of oxidation products, oxidation
kinetics and corrosion resistance [9-14,18]. References [10,12-14,17] show that the oxidation
temperature above 873 K is not effective. In this case, the thick oxide layer (more than
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100 pm), which consists of a porous phase with a rough aspect, is formed. It cracks off the
sample surface exposing an underneath Ni-rich layer, dangerous for Ni-sensitive patients.
At the same time, a smooth protective oxide layer is formed upon oxidation at temperatures
of 673-873 K. Only several studies of MT temperatures and internal stress fields in oxidized
TiNi alloys are known [13,14]. To the best of our knowledge, the influence of the thin
oxide layer on the SME, SE and their cyclic stability in bulk samples of TiNi alloy has not
been thoroughly studied. Nevertheless, it is impossible to use the material in biomedicine
without elucidating the effect of the surface layer on the operational properties. So, the
purpose of this work is to find out the influence of the oxide layer on the cyclic stability of
SE in compression in aged Tisg 3Nisg 7 single crystals oriented along the [001]p,-direction.

2. Materials and Methods

The Tigg 3Nisg 7 single crystals were produced by the Bridgman technique. The sam-
ples were cut from single-crystals on an electrospark machine (wire-cutting machine) Arta
153 (OOO NPK Delta-Test, Fryazino, Russia). The dimensions of the samples for com-
pressive tests were 3 x 3 x 6 mm?>. The hardened surface after the samples’ cutting was
removed by chemical etching. Then the samples” surface was mechanically ground and
electrolytically polished. The samples were annealed at 1253 K for 1.0 h followed by water
quenching. Next, they were aged at 823 K for 1.0 h in helium (marked as without oxide
layer) and in air (marked as with oxide layer). Such heat treatment was chosen based on
our previous studies and those of other scientific groups [10,12-14,17,19,20]. The samples’
surface after aging in helium was mechanically ground and electrolytically polished again
to precisely prevent the formation of an oxide film on the surface.

The samples had orientations of compressive axes near the [001]g, with a deviation
from the pole of 10°. The long side of the sample coincides with the compressive axis. The
normals to the side surface of the sample were [110]p; and [110]p;. Such compression axis
was chosen due to the fact that the [001]p,-oriented crystals should possess high-strength
properties of the B2-phase and perfect SE response in compression since the Schmid factor
for the <001> {110} slip system of B2 phase is zero [4,19,21]. The contribution of martensite
detwinning to the transformation strain in compression is minimal, and the theoretical
B2-R-B19’ transformation strain for studied orientations is eg ~ 5.0% [19].

The SE parameters of critical stresses for the stress-induced martensite formation o,
stress hysteresis Ao and reversible strain ey were determined from the o(e) curves. The
value of critical stresses 0. was determined as a yield strength o¢, (by analogy with
plastic deformation by slipping or twinning) taken at 0.1 % of plastic strain. The stress
hysteresis Ao was determined in the middle of the SE loop as the stress difference between
the forward and the reverse stress-induced MT. The SE value ¢, was defined based on the
elastic moduli of the forward and reverse MT at the stress level o;.

The microstructure of single crystals and the chemical composition of the oxide layer
were studied on a transmission electron microscope (TEM) HT-7700 (Hitachi, Tokyo, Japan).
Oxidized surface and nearby microstructure were studied in the cross-sectional foil (per-
pendicular to the [001]g, compression axis) prepared by focused ion beam (FIB). Structure
degradation mechanisms were studied on disks with a diameter of 3 mm and a thick-
ness of 100 um that were finally prepared using double-jet electrochemical polishing by
a Tenupol-5 (Struers, Ballerup, Denmark). The chemical composition was determined by
energy dispersive X-ray spectroscopy (EDS) XFlash 6T/60 (Bruker, Berlin, Germany). The
MT temperatures were determined by differential scanning calorimetry (DSC) using a
DSC 404F1 Pegasus (NETZSCH, Bayern, Germany). The loading/unloading cycles were
performed using a VHS 5969 universal testing machine (Instron, High Wycombe, UK).
Errors in strain and stress measurements during mechanical tests were 0.2 % and 2 MPa,
respectively. The strain rate during the study of SE response was 2.0-1073 s~ 1.
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3. Results

A scanning transmission electron microscope (STEM) image and a distribution of
chemical elements in the cross section of oxidized samples are shown in Figure 1. The
samples were aged at 823 K for 1.0 h in air.

<11o>m¢

(b)

(c) (d)

Figure 1. (a) STEM image and (b—d) chemical mapping of the cross sections of Tisg 3Ni5g 7 single
crystals aged at 823 K for 1.0 h in air.

The surface film formed due to aging in air is characterized by a gradient change
in the elemental composition with depth, which indicates the formation of a diffusion
transition between the oxide layer region and the B2-matrix (Figure 1a). The surface film
with thickness up to 420 nm is a multilayer system. The outer A layer with a thickness of
250 nm is Ni-free (the Ni content does not exceed 0.3(£0.1) at. %) with amorphocrystaline
structure. The A layer is enriched with O (78.0(£1.9) at. %) and contains Ti (21.8(%0.6) at.
%) (Figure 1b—d). It is known that the Ni-free layer is identified as titanium oxide TiO,
(rutile) [9-14,18]. The formation of pores is possible at the bottom of the oxide layer A
(bright areas in Figure 1a).

Between the surface oxide A layer and the matrix of Tisg 3Nisg 7 alloy (marked as C),
the B sublayer is located (Figure 1a). In the B sublayer, the predominant element is Ni so
that the Ti/Ni ratio is 1:3 (75.5 at. % Ni, 24.5 at. % Ti) (Figure 1b—d). The Ni-rich B sublayer
is thinner than an oxide A layer by 1.5 times, and the thickness of the B sublayer is up to
170 nm. The Ni-rich layer is identified as the TiNi3 phase [9-14,18]. The intensity curve
of oxygen is low compared to the predominant Ti and Ni elements in layer B, so the EDS
method cannot determine the quantitative value of oxygen properly.

The DSC analysis showed that aged Tiyg 3Nis5g 7 single crystals undergo a two-stage
B2-R-B19” MT both without and with an oxide layer (Figure 2, Table 1). The existence of the
R-phase is characteristic of aged TiNi alloys containing dispersed TizNiy particles [21].
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Figure 2. DSC curves during cooling/heating for Ti4g 3Nisg 7 single crystals aged at 823 K for 1.0 h in

air and helium.

Table 1. The B2-R-B19” MT temperatures in Tigg 3Nisg 7 single crystals aged at 823 K for 1.0 h in air

and helium.
Single Crystals M (£2), K M (£2), K A (£2),K A¢(£2),K Tgr(£2),K AT (+2),K
with an oxide layer (aging in air) 238 221 276 288 275 50
without an oxide layer (aging in helium) 244 227 277 289 271 45

MPa
500 4

—1-10¢c

—11-20c
—21-30c
—31-40¢c

It can be seen that an oxide layer reduces the temperatures of the forward R-B19” MT
M; and M by 6 K, increases the temperature Tg by 4 K and thermal hysteresis AT by 5 K
compared to the crystals without the layer. The surface oxide layer does not affect the
temperatures of the reverse B19’-B2 MT Ag and A (Figure 2, Table 1).

The results of cyclic testing of aged Tisg 3Nisp 7 single crystals with and without an
oxide layer are shown in Figure 3. Compressive fatigue testing has been received in the
conditions of the complete reversible stress-induced MT: stress level under loading of
550 MPa, test temperature of T =295 K > Ay.

——51-60c¢c

61-70 ¢
——71-80¢c
——81-90¢c
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Figure 3. Cyclic stress-strain responses at T = 295 K for Tigg 3Nisg 7 single crystals aged at 823 K for

1.0 h (a) in air and (b) in helium.
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The analysis of the presented data shows that [001]B2-crystals with and without an
oxide layer are characterized by the same compressive functional fatigue responses during
the loading/unloading cycles from 1 to 100. The complete stress-induced MT in the 1st
cycle (n = 1) occurs at critical stress of martensite formation o, = 265-267 MPa with the
stress hysteresis Ao = 252-262 MPa and reversible strain erey = 4.6-4.8 % (Figure 3).

It can be seen from Figures 3 and 4 that with an increase in the number of cycles
the evolution of SE curve is observed. The degradation of SE parameters (critical stress
martensite formation o, stress hysteresis Ao, reversible strain ¢.ey) takes place, and the
irreversible strain accumulates. In [001]p;-single crystals aged both in air and helium,
the significant changes of SE parameters occur in the first 30 cycles. The critical stresses
Ocr, stress hysteresis Ao and reversible strain are reduced, respectively, by 73-77 MPa, by
65-72 MPa and by 0.5 % in 30th cycle compared with the 1st cycle for [001]-crystals with
and without an oxide layer (Figure 4). Thus, with an increase in the number of cycles from
n =1 to n = 30, the SE parameters (o and Ao) decrease by 30%, and the irreversible strain
accumulates together with reducing the reversible strain (Figures 3 and 4). Significant SE
degradation in the first loading/unloading cycles is typical for TiNi polycrystals and single
crystals [5,22-24].

%

__a With an oxide layer Ac, MPa . with an oxide layer Erev: —a— With an oxide layer
(aging in air) (aging in air) 554 (égr:ng in air) i
__a— Without an oxide layer 300+ __ . Without an oxide layer —a— Without an oxide layer
(aging in helium) (aging in helium) 50, (aging in helium)
250+ ‘
454 1
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4.0
150 35
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Figure 4. Dependence of SE parameters ((a) critical stress of martensite formation o, (b) stress
hysteresis Ao, (c) reversible strain erey) on the number of cycles 1 for Tigg 3Nisg 7 single crystals aged
at 823 K for 1.0 h in air and in helium.

Further, the SE curves gradually change from 30 to 100 cycles. The critical stress
is o¢r = 152-157 MPa, and the stress hysteresis is Ao = 158-160 MPa in 100th cycle for
[001]p;-crystals with and without an oxide layer (Figure 4). The SE parameters (o and Ao)
decrease by 15-20%, with increasing in the number of cycles from n = 30 to n = 100. The
irreversible strain does not increase, and the reversible strain changes slightly at n = 30-100
(Figures 3 and 4).

4. Discussion

Nam and colleagues [14] found that the temperatures of the B2-B19” (R-B19") MT
increase with the growth of oxide layer in TiNi-based alloys. They suggested that the
increase of the transformation temperatures is attributed to a compressive stress induced by
this oxide layer. Indeed, it is known that both the external applied stresses and the internal
stresses (for example, arising one from the oriented growth of dispersed TizNiy particles)
lead to the increase in the temperatures of forward and reverse MT as described by the
Clausius—Clapeyron relationship [25-27]. In this study, it was found that the temperatures
of forward MT decrease by 6 K (which is close to the measurement error of £2 K), and the
temperatures of reverse MT do not change in single crystals with an oxide layer compared
to the crystals without such layer (Figure 2, Table 1). It is assumed that the formation of
an oxide layer together with TizNiy particles during aging in studied Tigg 3Nisg 7 single
crystals is the possible reason of a weak effect of the oxide layer on the MT temperatures
(Figure 2, Table 1).
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It is known [4,19,21] that four variants of TizNiy particles with a {111}, habit plane
are precipitated in the TiNi alloy after aging without applied stress, which is observed
in the studied single crystals aged in air away from the surface and in helium (Figure 5).
The <111>p,-directions are located symmetrically relative to the [001]p,-direction. The
angle between directions of the [001]g, compression axis and the normal to the habit
plane of particles <111>p; is 54.7° for all crystallographic variants of Ti3Niy particles. The
lens-shaped TizNi4 particles with a length of 300-400 nm occupy 12-13% of the volume
fraction of the B2-matrix of investigated crystals aged in air and in helium (Figure 5). These
precipitates do not undergo B2-R-B19” MT and are deformed only elastically.

Figure 5. TEM study of Tisg 3Nisg 7 single crystals aged at 823 K for 1.0 h in helium before fatigue tests.

A detailed TEM study of single crystals aged in air (with an oxide layer) showed that
the oriented growth of TizNiy particles near the surface layer is observed. The TEM images
of the microstructure aged in air crystals at various magnifications, demonstrating the
surface film, Ti3Niy particles near this film and the matrix away from the surface (Figure 6).
The normal to the habit plane of oriented grown particles does not lie in the plane of the
FIB film in Figure 6b,c.

T —
<110>521

<110>,,

(b)

Figure 6. TEM study of Tisg 3Nis( 7 single crystals aged at 823 K for 1.0 h in air before fatigue tests:
(a) bright field (BF) image of the surface film in the cross sections of sample; (b) BF image of B2-
austenite and TizNiy particles near the surface film in the cross sections of sample and (c) BF image
of B2-austenite and TizNiy4 particles and the correspondent selected area electron diffraction pattern
(SAEDP) in the center of the sample.

The dispersed Ti3Niy particles have a lenticular shape and also create internal stresses
in the matrix [26]. Oriented particle growth occurs so that the stresses in the matrix caused
by particles compensate for the stresses (internal or externally applied stresses) in the mate-
rial. This has been predicted theoretically and repeatedly confirmed experimentally [26-28].
Therefore, such an oriented particles growth near the surface film may be the way of
relaxing the internal stresses created by the surface film in single crystals. Therefore, we
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observe a weak effect of the oxide layer on the MT temperatures in the cooling/heating
cycles in the stress-free state.

The studied [001]p,-oriented crystals with and without an oxide layer demonstrate a
good cyclic stability during loading/unloading cycles compared with the [111]g-oriented
single crystals and polycrystals [5,29,30]. In [111]p;-oriented single crystals the SE curves
change, with an increase in the number of cycles by reducing the reversible strain, and
become a straight line after 100 during loading/unloading cycles.

The SE response stability during cyclic tests in [001]g,-crystals is explained by the
high level of strength properties of the B2-phase 0-(M4) > 1000 MPa [4,19]. However, local
plastic deformation of the matrix is observed with the formation of both the dislocations
near TizNiy particles and the residual martensite with fine twinned structure in the first
30 cycles (Figure 7b,c). This contributes to the martensite nucleation in subsequent cycles
and reduces the critical stress o and hysteresis Aoc.

Ll

partlcles

§B19' n L 8 -.
\Ia ﬁ?i}i‘

(b)

Figure 7. TEM study of Tigg 3Nisg 7 single crystals after fatigue tests: (a) BF image of the surface
film in the cross-sections of sample (aged at 823 K for 1.0 h in air); BF images demonstrating
(b) the residual B19’-martensite and (c) the dislocations near TizNi4 particles (aged at 823 K for 1.0 h
in helium).

The oxide layer is usually brittle, and does not undergo MT in contrast to the matrix.
Whereas, after compressive fatigue tests of studied [001]g,-crystals aged in air, no cracking
of the oxide layer was found in (Figures 6a and 7a). Thus, the [001]-crystals aged in air,
containing dispersed TizNi4 particles and outer protective oxide layer, exhibit generally
good cyclic stability.

The physical reason of a good SE behavior without cracking of the surface oxide layer
during cyclic tests is related to several facts. First, the formation of a thin Ni-free layer
~250 nm, which reduces both the ratio of the surface layer volume to the material volume and
the layer cracking probability in contrast to the thick layers (over 100 pm) [10,12,13]. Second,
the formation of the surface layer simultaneously with the precipitation of dispersed TizNiyg
particles. The presence of dispersed Ti3Niy particles that do not undergo MT facilitates the
relaxation of high internal stresses arising during the development of MT in the matrix,
which is positive for film integrity. It is assumed that the relaxation of internal stresses
created by both the oxide layer and matrix strain at the stress-induced MT occurs due to:
(i) the oriented growth of TizNi4 particles near a thin surface film at single crystals aged in
air; (ii) the formation of a Ni-rich sublayer at single crystals aged in air; (iii) the formation of
dislocations near the particle-matrix surface and a fine twinned structure of B19’-martensite,
whose growth is limited by the distance between Ti3Ni4 particles during the stress-induced
MT at cyclic tests. The precipitation of TizNiy particles with an interparticle distance of no
more than 500 nm contributes to the “multiple” (turbulent) MT behavior. The “particle-
matrix” boundaries are the predominant places for the martensite nucleation. Therefore,
the nucleation and growth of B19’-martensite crystals occur simultaneously in different
regions of the sample. This results in a homogeneous deformation of the sample and the
absence of localized deformation at stress-induced MT [4]. That could explain the relatively
large strain without cracking inside the oxide layer.
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It should be noted that the surface film consists of two sublayers, contains pores
and has a complex deformation mechanism at stress-induced MT. Additional studies are
necessary to explain the mechanisms of deformation inside the oxide layer and Ni-rich
sublayer during the stress-induced MT in the matrix.

5. Conclusions

The oxidation, oriented along the [001]p;-direction Tisg 3Nisg 7 single crystals due to
aging at 823 K for 1.0 h in air, makes it possible to obtain a Ni-free (78.0(+1.9) at. % O,
(21.8(£0.6) at. % Ti) protective thin oxide layer (250 nm). The high-nickel layer with a
thickness of ~170 nm is formed between the surface oxide layer and the matrix of material.

The formation of an oxide layer leads to the appearance of internal compressive stress
in the matrix and the oriented growth of TizNi4 particles near a thin surface film after aging
in air.

The matrix of Tigg 3Nisg 7 single crystals aged in air and helium undergoes a two-stage
B2-R-B19' MT. The oxide layer has a weak effect on the B2-R-B19’ MT temperatures and does
not worsen the SE response in [001]p,-oriented Tigg 3Nisg 7 single crystals in compression.
The weak influence of an oxide layer on the MT temperature and the absence of influence
of an oxide layer on the SE properties is associated with the formation of a fine oxide layer
together with the precipitation of Ti3Niy particles and the relaxation of internal stresses
by the oriented arrangement of TizNi4 particles near the surface film in Tisg 3Ni5g 7 single
crystals aged in air.

The oriented along the [001]p;-direction Tigg 3Nisg 7 single crystals aged in helium and
in air demonstrate high cyclic stability of the SE response, which does not depend on the
presence of an oxide layer. Moreover, the oxide layer does not crack at cyclic tests due to
the relaxation of internal stresses arising during the stress-induced MT at cyclic tests in
aged single crystals. The main degradation of SE response is observed in the first 30 cycles
and is associated with the formation of both the dislocations near Ti3Niy particles and the
residual B19’-martensite with fine twinned structure.

The oxidation, oriented along the [001]p,-direction Tisg 3Nisg 7 single crystals due to
the aging at 823 K for 1.0 h in air, makes it possible to obtain a Ni-free protective thin
oxide layer without negative change of the SE response and destruction of this layer during
fatigue tests. This contributes to good biocompatibility of implants created on the basis of
these materials.
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