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Abstract The shape memory effect (SME) during stress-
assisted thermal cycles under compressive load in [001]-ori-
ented Ti-50.7at.%Ni and Ti-51.7at.%Ni single crystals aged
at 823 K for 1 h has been studied. Ti;Ni, particles with a
diameter of 300-400 nm were precipitated with volume
fractions of 11 and 22% and interparticle distances of 300—
500 nm and 50-150 nm, respectively. In quenched single
crystals, the SME parameters were determined by the trans-
formation type (thermal-induced martensitic transformation
(MT) or strain glass transition). In contrast, the SME param-
eters of aged single crystals were determined by the volume
fraction of particles and interparticle distances. Differing
volume fractions of particles and interparticle distances led
to different temperatures (MS) for the formation of B19'-
martensite, different strain (e,,,), different dependences of
the interval of forward MT (A‘l’) and thermal hysteresis
(AT] = A] —M? and AT = A7 — M7) on applied stresses,
and changes in the morphology of martensite crystals. Prac-
tically, these differences do not affect the stresses (o, and
0,..) Tequired to achieve the minimum strain and maxi-
mum reversible strain (e,,,) and strain growth coefficient
(de,,,/do). The influence of aging on the dependence of the
SME parameters on the chemical composition was analysed
in comparison with quenched crystals.
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Introduction

The thermoelastic B2-B19’ martensitic transformations
(MTs) in quenched [001]-oriented Ti-50.7at.%Ni and Ti-
51.7at.%Ni single crystals were studied in [1]. Thermal-
induced B2-B19" MT (Ti-50.7at.%Ni), or strain glass
transition (Ti-51.7at.%Ni) determined the following shape
memory effect (SME) parameters: the morphology of the
martensite structure in the stress-assisted cooling/heating
cycles; stress o, for oriented martensite formation during
stress-assisted cooling/heating cycles; and the coefficient
de,,,/do, which determines the strain dependence on the
Stress £,,,(0,,,). The main factor that caused the difference is
the ability of Ti-50.7at.%Ni single crystals to form a special
martensite structure during stress-assisted cooling/heating
cycles [2]. This is a mixture of thermal-induced self-accom-
modating structure and stress-induced oriented martensite.
In contrast, the thermal-induced martensite did not appear
in the Ti-51.7at.%Ni crystals, and, accordingly, there is no
such martensite mixture [1].

It is known [3, 4], that in a strain glass TiNi alloy with
a high nickel content (more than 51.2at.%), it is possible
to obtain thermal-induced MTs due to aging, leading to
the precipitation of large Ti;Ni, particles (300-400 nm
in size) and providing a decrease in the nickel content of
the matrix. If quenched Ti-50.7at.%Ni and Ti-51.7at.%Ni
alloys undergo a different type of transition in cooling/
heating cycles, then aged alloys undergo the same type
of transition-thermal-induced MT. Moreover, the differ-
ent chemical composition of the matrix in Ti-50.7at.%Ni
and Ti-51.7at.%Ni alloys becomes closer after aging due
to the precipitation of a different volume fraction of par-
ticles (tends to Ti-50.4-50.6at.%Ni) [5, 6]. Consequently,
in aged alloys one should expect the degeneration of the
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strong dependence of the SME parameters on the chemi-
cal composition, which was typical for quenched alloys.

However, it is impossible to predict how strongly the
SME dependence on the initial chemical composition will
degenerate in aged alloys for the following reasons. Dif-
ferent chemical composition of quenched alloys leads to
different volume fraction of particles and different inter-
particle distances [7]. A different volume fraction of parti-
cles in Ti-50.7at.%Ni and Ti-51.7at.%Ni alloys causes the
different values of the reversible strain, since the particles
do not undergo MT [8]. A strong decrease in interparticle
distances can change the mechanism of nucleation and
propagation of martensite [9], which can lead to a change
in SME parameters, such as temperature intervals of MT
and hysteresis. Indeed, as shown in [10], in [111]-oriented
Ti-50.1at.%Ni and Ti-51.5at.%Ni single crystals, aged at
823 K for 1.5 h, different dependences of thermal hyster-
esis on tensile stresses were observed. Hence, the depend-
ence of the SME parameters on the chemical composition
can intensify after aging. Thus, the aging of TiNi alloys
with different chemical composition provokes the appear-
ance of opposite factors, leading both to degeneracy of the
chemical composition dependence of the SME parameters
and to an intensification of this dependence.

Despite the large amount of studies focused on the SME
in TiNi alloys, there are no works aimed on the effect of
aging on the dependence of SME parameters on different
chemical compositions in TiNi single crystals. Most of
the research within this topic mainly reveals the effect of
thermomechanical treatment on the SME strain, the MT
temperature, etc. and conducted on polycrystals. The grain
boundaries in polycrystals are the sites of predominant
precipitation of particles [11-13]; the particle’s volume
fraction can vary inside the grain [13, 14]. Therefore, it is
more expedient to choose single crystals for the research.
But the studies deal with TiNi single crystals mainly
includes only orientation dependence of the SME for vari-
ous particle sizes [3, 10, 15]. At the same time, the high-
strength [001]-orientation under compression has been
studied very poorly.

The foregoing facts determine the relevance of the pre-
sent work devoted to the study the SME parameters dur-
ing stress-assisted cooling/heating in Ti-50.7at.%Ni and
Ti-51.7at.%Ni single crystals, aged at 823 K, 1 h, and the
elucidation of the aging effect on the chemical composi-
tion dependence of SME parameters. We will show which
dependence of SME parameters on the chemical composi-
tion will degenerate, and which will intensify after aging.
The microstructural mechanisms that determine these
effects will be considered. The role of the volume fraction
of Ti;Ni, particles and the interparticle distances in deter-
mining the SME parameters will be elucidated.
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Materials and Methods

Single crystals of Ti-50.7at.%Ni and Ti-51.7at.%Ni single
crystals were grown by the Bridgman method. The high-
strength <001 > orientation was chosen for compressive
load testing. As-grown single crystals were subjected to
high-temperature annealing at 1253 K for 1 h, followed by
quenching in water to obtain the single-phase structure.
Next, the quenched crystals were aged at 823 K for 1 h,
followed by quenching.

The MT temperatures were investigated from calorimet-
ric curves obtained using a differential scanning calorimeter
(DSC 404 F1) and from the temperature dependence of the
electrical resistance. Mechanical tests were conducted on a
dilatometer during stress-assisted cooling/heating cycles to
obtain the £(T) curves. The samples for compression had
a parallelepiped shape with dimensions of 3 X3 X6 mm.
During the stress-assisted cooling/heating cycles next SME
parameters were obtained from the &(T) curves [15-17]:
the M? temperature; the forward and reverse MT inter-
vals, A‘l’ = M‘S’ - M‘f?, Ag = A;’ - A‘S’; two hysteresis values,
ATT = A7 — M? and AT = A7 — M7; reversible strain €,
the stresses o,,;, required to obtain the minimum reversible
strain ¢,,, with value 0.3-0.5% no less than measurement
error 0.2%; the stresses o,,,, required to obtain the maximum
reversible strain ¢,,,; the coefficient de,,,/do,,,, describing
the growth of strain with stress. Electron microscopy was
performed using an HT-7700 Hitachi. During data analysis,
the average measurement errors were: for strain +0.2%, for
temperature +2 K, and for stress +2 MPa.

Experimental Results

Figure 1 shows the microstructure of the aged Ti-50.7at.%Ni
and Ti-51.7at.%Ni single crystals. Aging at 823 K for 1 h led
to the precipitation of four variants of Ti;Ni, particles. The
particle size weakly depends on the chemical composition
and varies within 300400 nm, as reported in [18]. However,
the interparticle distance and volume fraction of the parti-
cles differed significantly. The volume fraction of particles
increased from 11 to 22% with an increase in the Ni content
from 50.7 to 51.7 at.%. This led to a decrease in the average
interparticle distance from 300-500 to 50—150 nm.

In aged single crystals, the MT from the B2-phase to
B19'-martensite passes through the R-phase. The B2-R-
B19’' MT temperatures (M‘?, M?, Ai’, A?, Tg) during stress-
free cooling/heating in aged .crystalé are represented in
Table 1 as well as the forward MT interval, A = M? — M?,
the reverse MT interval, A) = A? — A, and two hysteresis
values, AT) = A? — M and AT) = A” — M0

The two-stage transformation B2-R-B19’ is a typical of
all aged TiNi alloys with dispersed Ti;Ni, particles [3, 8, 9,
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Fig. 1 Microstructure of aged single crystals: a Ti-50.7at.%Ni single crystal, reflexes of Ti;Ni, particles are marked by circles; b, ¢ Ti-
51.7at.%Ni single crystal, reflexes of Ti;Ni, particles are marked by arrows

18, 19]. The MT temperatures for aged Ti-51.7at.%Ni single
crystals were lower than for Ti-50.7at.%Ni single crystals.
The first reason for this may be the different Ni contents in
the matrix following the precipitation of different volume
fractions of Ni-enriched Ti;Ni, particles. The decreased Ni
content of the TiNi binary alloys increases the M? tempera-
ture by ~16-18 K per 1 at. % of Ni [8]. The second reason
is small interparticle distances in Ti-51.7at.%Ni single crys-
tals, described in detail in Sect. “Discussion”.

The forward and reverse MT intervals, AY and A, two
hysteresis values, AT? and ATg also strongly vary for
Ti-50.7at.%Ni and Ti-51.7at.%Ni single crystals. In Ti-
51.7at.%Ni single crystals, the MT occurred in a wide tem-
perature range A? = 87 K, in contrast to Ti-50.7at.%Ni crys-
tals, where the MT interval A? =36 K is 2.5 times smaller.
The hysteresis ATg is 3 times wider in Ti-51.7at.%Ni com-
pared with Ti-50.7at.%Ni single crystals.

Figure 2 shows the (T) curves for aged crystals during
stress-assisted cooling/heating cycles. In aged single crys-
tals, B2-R-B19’ MTs were observed during cooling at low
stresses and B2-B19' MTs at high stresses. However, all
&(T) curves had a single stage. The stage associated with
the R-transformation is absent in the £(T) curves because
the strain during the B2-R transition is zero along the
[001]-direction, and the stress applied along the [001]-direc-
tion does not affect the morphology of R-martensite [19,
20]. In other words, the same R-martensite variants arise
during stress-assisted cooling as during stress-free cooling.
They are elastically accommodated, and there are no mac-
roscopic changes in the dimensions of the sample. Thus,
during cooling under low stress the B2-R transformations
observed at T without any macroscopic strain. Subsequent
cooling induced the R-B19’ transition with macroscopic
strain on condition, that start temperature Mf was lower than
Tg- This condition was realized at stresses of 0—100 MPa in
Ti-50.7at.%Ni crystals and 0-300 MPa in Ti-51.7at.%Ni.
It should be noted that the temperature M? grows signifi-
cantly with increasing stress, but temperature Ty changes
lightly [15]. So, at specified stress M? became higher than

Tg. If M? > Ty at higher stress, then B2-B19" MT occurred
and there was no R-transformation. Such situations were
observed at stresses above 100 MPa in Ti-50.7at.%Ni and
above 300 MPa in Ti-50.7at.%Ni. Thus, only one stage in
the &(T) curves was obtained independently of transforma-
tion type (R-B19" or B2-B19’) providing the macroscopic
strain. A similar effect has been observed in many studies
of TiNi alloys when the strain associated with the stress-
induced R-transformation was absent on the &(T) curves in
[001]-oriented single crystals [1, 2, 9, 15, 19, 20]. When
single crystals were compressed along other orientations or
polycrystals, the R-transformation was observed in the €(T)
curves [15, 18].

The o,,, and o,,,,, required to obtain the minimum and
maximum reversible strain ¢,,,, depend little on the initial
chemical composition and are equal to 30 and 300 MPa,
respectively. The coefficient de,, /do,,,, describing the
growth of strain with applied stress, is equal to 7.2-107
and 5.5-1073 MPa~! in Ti-50.7at.%Ni crystals and Ti-
51.7at.%Ni, respectively. Noticeable difference was observed
in the maximum reversible strain: €, =2.7% and ¢,,,=1.7%
for Ti-50.7at.%Ni and Ti-51.7at.%Ni crystals, respectively.

The dependence of the forward MT interval, A‘]’ =
M - M;’, and the reverse MT interval, A‘z’ = A}’ — Ag, on the
applied compressive stresses, 6,,,,, are presented on Fig. 2c,
d. These dependences are very different in the aged Ti-
50.7at.%Ni and Ti-51.7at.%Ni crystals. In the Ti-50.7at.%Ni
single crystals, the intervals A7 and A7 gradually increase
with increasing o, from 20-30 to 6-23 K, respectively. In
contrast, in Ti-51.7at.%Ni single crystals, the reverse MT
interval, A7, is practically independent of stress and is equal
to 17-21 K, while the forward MT interval, A‘l’, sharply
decreases (by more than 3 times) from 83 K at 50 MPa to
27 K at 250 MPa and then remains constant. Thus, asym-
metric £(T) curves were observed in the aged single crystals
at low applied stresses. This effect was most pronounced
in Ti-51.7at.%Ni crystals, where the values of A‘]’ and A‘z’
at 50 MPa differed by 60 K, while in Ti-50.7at.%Ni single
crystals, A7 and A7 differed by only 15 K.
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Table 1 MT temperatures for aged Ti-50.7at.%Ni and Ti-51.7at.%Ni single crystals

MT temperatures

Chemical composition

ATY, (+2)K ATY, (£2)K

A (£2)K

(x2)K

0
1

M, (£2) K A, (£2)K Ap (x2)K Tg, (x2) K Ty, (x2)K

M., (+2) K

34
102

253 280 265 283 36 27 25
268 263 273 87

219
148

255

Aged Ti-50,7at.%Ni
Aged Ti-51,7at.%Ni

33

18

250

235

Two hysteresis values, AT‘I’ = A‘f’ - M‘S’ and
ATg = A;’ - M;.’, were measured because of the asym-
metric shape of the ¢(T) curves (Fig. 2e, f). In aged Ti-
50.7at.%N:i single crystals, the hysteresis AT7 did not depend
on the stress and equalled 20 K, while the hysteresis AT
decreased from 40 to 20 K with increasing stress. In aged
Ti-51.7at.%Ni single crystals, the hysteresis AT3 decreased
from 40 to 20 K, while the hysteresis AT‘{ decreased from
100 to 20 K.

Discussion

The Mechanism of Martensite Nucleation
and Propagation During Stress-Free Cooling in Aged
Ti-50.7at.%Ni and Ti-51.7at.%Ni Single Crystals

The mechanisms of martensite formation upon stress-free
cooling in aged Ti-50.7at.%Ni and Ti-51.7at.%Ni crystals
are similar and determined by large semi-coherent Ti;Ni,
particles. The main feature is the appearance of B19'-
martensite near the particles, the boundaries of which are
the sites of predominant nucleation [8, 18, 21]. This occurs
because the barrier to martensite nucleation decreases due to
the stress fields from the Ti;Ni, particles, possible disloca-
tions at the particle—matrix interface, and low Ni content in
alocal region near the particles. However, the different vol-
ume fractions of particles (11 and 22%) and different inter-
particle distances (300-500 nm and 50—150 nm) determine
the formation and propagation of martensite and its mor-
phology in Ti-50.7at.%Ni and Ti-51.7at.%Ni single crystals.
In the aged Ti-50.7at.%Ni crystals with large interparticle
distances, martensite appeared first near the particles and
then in the interparticle regions, as observed in [22-24]. It
is important to note that the interparticle regions are large
and connected, so martensite can propagate from one region
to another.

In aged Ti-51.7at.%Ni crystals, the following differ-
ences from Ti-50.7at.%Ni were noted. First, the four Ti;Ni,
particle variants with large volume fractions divided the
B2-matrix into small regions completely separated from
each other, similar to [9]. Therefore, martensite cannot prop-
agate from one such region to another, and an MT occurs
in separate interparticle regions due to the nucleation of the
martensite crystals and increasing in the sizes.

Second, in the Ti-51.7at.%Ni crystals, the martensite
nucleation did not occur simultaneously in all interparticle
regions. The microstructure obtained in Ti-51.7at.%Ni sin-
gle crystals was similar to a submicrocrystalline TiNi alloy,
where grain boundaries limited the growth of martensite
crystals and simultaneously served as martensite nucleation
sites. For nanocrystalline TiNi alloys [25-27], decreasing the
grain size from 600 to 100 nm led to a significant decrease
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Fig. 2 The &(T) curves for ¢.9%] aged Ti-50,7ar.%Ni
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Fig. 3 Microstructure of the
aged Ti-51.7at.%Ni single
crystals: several variants of a
thermal-induced R-martensite, b
one variant of thermal-induced
R-martensite

in MT temperatures, including the suppression of the B19'-
transformation in grains smaller than 60 nm and suppression
of the R-transformation in grains smaller than 30 nm. Thus,
in large (150 nm) interparticle regions, MT began at higher
temperatures than in small (less than 100 nm) interparticle
regions. At a very small distance between particles of 50 nm
or less, the MT can be suppressed. Thus, in Ti-51.7at.%Ni
crystals, the MT during cooling proceeded by retraction into
the transformation process of different B2-regions.

Third, in aged Ti-51.7at.%Ni single crystals, the number
of variants of thermal-induced martensite depends on the
size of the interparticle region (Fig. 3). In the 150-nm inter-
particle regions, various twinned variants of R-martensite
generated by neighbouring particles (Fig. 3a), whereas, in

regions smaller than 100 nm in size, one twinned version of
R-martensite was observed in accordance with the internal
stress fields from the particles (Fig. 3b). Similar morpholo-
gies have been observed by Waitz and Karnthaler, where
only one twinned variant of martensite was found in poly-
crystals with a grain size of less than 100 nm [27-29].

The features of the microstructure that determined the
heterogeneous nucleation and growth of martensite in aged
Ti-51.7at.%Ni crystals led to a wide temperature range of
forward R-B19" MT upon stress-free cooling, A? = Mg
- M}? =87 K, in contrast to Ti-50.7at.%Ni crystals, where
the MT interval, AY = M? — M}) = 36 K, was 2.5 times

smaller.
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MT During Stress-Assisted Cooling in Aged
Ti-50.7at.%Ni and Ti-51.7at.%Ni Single Crystals

At Stresses o, <100 MPa

The interval AT of the forward R-B19" MT during cooling
under a small stress (aapp< 100 MPa) effectively did not
change compared to stress-free cooling (Fig. 2b—d). In Ti-
50.7at.%Ni crystals, the forward MT interval, A9, is 4 times
smaller than in Ti-51.7at.%Ni crystals, where A‘l’ > 80 K.
The forward MT interval during stress-assisted cooling is
determined by the following factors: structural inhomogene-
ity, elastic and dissipated energies, and temperature depend-
ence of the lattice parameters of the R-phase.

The mechanisms of martensite nucleation and propaga-
tion during cooling under low stresses (o,,, <100 MPa)
were similar to that during stress-free cooling. In aged Ti-
50.7at.%Ni single crystals with large interparticle distances,
martensite first appeared near the particles and then in the
interparticle regions, where martensite can propagate from
one region to another. In aged Ti-51.7at.%Ni single crys-
tals, the MT occurred similar to during stress-free cool-
ing by the gradual retraction into the transformation pro-
cess of B2-regions with different sizes (described above in
Sect. “The Mechanism of Martensite Nucleation and Propa-
gation During Stress-Free Cooling in Aged Ti-50.7at.%Ni
and Ti-51.7at.%Ni Single Crystals”). The difference between
the morphology of stress-assisted and stress-free cooling
is as follows. Internal stress fields from the semi-coherent
Ti;Ni, particles can reach 280 MPa [30]. Hence, the applied
stress 6, < 100 MPa was insufficient to overcome the inter-
nal stress fields from the particles and form a completely
oriented martensite. Therefore, a mixture of B19’-martensite
variants arose under the superposition of stress fields from
particles and external applied stresses o,,,, <100 MPa. This
mechanisms is fair for Ti-50.7at.%Ni and Ti-51.7at.%Ni. But
the particle volume fraction in Ti-51.7at.%Ni single crystals
was larger, than in Ti-50.7at.%Ni single crystals, so their
contribution to the superposition of stress fields was greater.

Other factors affecting the interval A7 are the elastic AG,,,,
and dissipated AG;,, energies. According to [31], by using
the equation balancing the chemical AG, and non-chemi-
cal AG,,,., components of free energy, one can obtain an
expression for the MT temperatures:

_ |AGrev(O)| _ |AG1rr(0)|

MU = TO 5
§ AS,, AS,,
AG,, (1 AG, (1
v _ 7, 1G] 1AG,, (1)
f ASch ASch
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AG,, (1 AG,;,,(1
AO— =T0— | rey( )l | lr]( )l’
s AS,, AS,,
AG,,. (0 AG,;,,.(0
A6 — TO _ | rev( )l | lrr( )I
/ ASc‘h ASch (1)
Here AG,,,(0) and AG,,,(0) are the elastic dissipated ener-

gies at the beginning of MT at volume fraction of oriented
martensite equal to 0, AG,,,(0) and AG;,,.(0) at the finish of
MT at volume fraction of oriented martensite equal to 1. Then,
the forward MT interval can be expressed as:

1
AT =M =My = 1 (1AG (D]=14G,, O)

+|AG,,(1)|-|AG,,(0)]). 2)

The aged single crystals contained dispersed particles, and,
hence, the elastic energy AG,,, was generated in the material
during the nucleation of the first martensite plate. Therefore,
AG,,,(0) # 0. In addition, in this case, the hysteresis (and the
dissipated energy, AG,,,) depends on the volume fraction of
oriented martensite, as can be seen from Fig. 2, so AG;,,.(0)
;é AGnr(l)

In the Ti-51.7at.%Ni single crystals, the contributions from
the elastic and dissipated energies were greater than in the
Ti-50.7at.%Ni crystals, which can be explained as follows.
In Ti-51.7at.%Ni single crystals, a high density of compound
twins (001)g, was observed due to small interparticle dis-
tances. Composite twins appeared near particles in places of
high elastic lattice distortions, and they are the geometrically
necessary twins to maintain the continuity of the particle and
matrix [27, 32]. According to the gradient theory of plasticity
[23, 33, 34, ], the density of twins, p,,, increases with decreas-

ing interparticle distances, A:

, 3

S =
N R

Prw =

where b is the Burgers vector of compound
twins < 100> {001}, y is the martensitic shear, and A is the
interparticle distances. The high density of compound twins
led to a high stored elastic energy during the transformation
and, hence, high value of AG,,, in Ti-51.7at.%Ni crystals com-
pared to Ti-50.7at.%Ni crystals. The dissipated energy can be
estimated from the hysteresis value. Based on expression (1),
the hysteresis AT{ and AT can be written as:

o o (o 2
AT =Af -M; = As, |AG,;,,(0)], 4)
ATS =A° —M° = 2 AG;. (1
p = Ay — My = le (D] 5)
At Capp < 100 MPa, the hysteresis AT; was 2.5 times

greater in the Ti-51.7at.%Ni single crystals, than in the
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Ti-50.7at.%Ni crystals. In addition, in the Ti-51.7at.%Ni
single crystals, the hysteresis AT was 60 K greater than
the hysteresis AT, indicating a strong increase in the dis-
sipated energy, AG,,,, with increasing volume fraction of
martensite. In contrast, in the Ti-50.7at.%Ni single crystals,
ATi exceeded AT by only 18 K, indicating that the change
in the dissipated energy during the MT is small.

In Ti-51.7at.%Ni single crystals, the hysteresis AT and
AT? are different at 6,,,< 100 MPa, because a significant
overheating, AA? = ATJ — AT7, is required to start the
reverse MT. Similar asymmetric curves were observed in
[15, 22] for aged TiNi single crystals because of the high
energy barrier for starting the reverse MT. This barrier can
be associated with the difficult disappearance of B19'-
martensite with a high density of (001)g,o twins, which do
not form an invariant habit plane between austenite and mar-
tensite. When the asymmetric &(T) curves were observed, a
forward MT occurs from the R-phase into B19'-martensite.
However, the reverse MT can occur along the path B19'-
R-B2 (or even directly from B19’ to B2) and the temperature
A? at 6,,,< 100 MPa coincided with the temperature 73"

Different sequence of MT at forward and reverse MT also
can be a reason for asymmetric €(T) curves.

At Stresses 100 MPa < o,,,< 300 MPa

In the stress range of 100 MPa < Oapp < 300 MPa, the revers-
ible strain reached maximum values in Ti-50.7at.%Ni and
Ti-51.7at.%Ni single crystals. Simultaneously, the mor-
phology of the martensite changed. High external stresses
(300 MPa and higher) exceeded the internal stress fields
from the particles and allowed the formation of the maxi-
mum fraction of oriented martensite. In Ti-50.7at.%Ni sin-
gle crystals the interval A7 of forward R-B19" MT did not
change with increasing applied stress up to 300 MPa. In
contrast, in Ti-51.7at.%Ni single crystals, an increase in the
stress ©,,,, above 100 MPa led to a decrease in the interval
A7 of forward R-B19" MT from 83 K at 50 MPa to 27 K at
330 MPa (Fig. 2).

The reasons for the decrease in the interval A{ in single
crystals Ti-51.7at.%Ni were as follows. First, the processes
driving the retraction of various interparticle regions into
the R-B19' transformation could change. The increase in
the applied stresses led to an increase in the temperature
M? according to the Clausius—Clapeyron equation [18].
The MT start temperatures in various local interparticle
regions, M?Z(lok), could increase with different growth
coefficients. Thus, if at low stress Gapp < 100 MPa MT
occurred in interparticle regions at different temperatures,
then at high stresses 6,,,> 100 MPa MT can occur at the
same temperatures in interparticle regions of different size.

This may be one of the reasons for the reduction in the
forward MT interval.

Second, the change in the rhombohedricity of the
R-phase (that is, the change in the lattice parameter)
should be took into account, considering the reasons for
the change in the forward MT interval, A‘l’. As shown in
[35-37], the angle of the R-phase unit cell decreased from
a=90° to 89.3° with a decrease in temperature from 7 to
Tr—20 K. Because the Ti;Ni, particles grew in the
B2-phase, a change in the rhombohedricity of R-mar-
tensite led to a change in the dimensional mismatch
parameters between the lattices of the R-martensite and
the Ti;Ni, particles. Consequently, a large mismatch
between the lattices of the R-phase and particles was
observed at low stresses o,,, <100 MPa, when the trans-
formation occurred at low temperatures (M? = 244 K and
M]? = 155 K were less than Ty by 20 and 110 K, respec-
tively). Simultaneously, the resistance force obstructive
the movement of the interphase boundary and the dissipa-
tive energy are large. The MT temperatures increased with
increasing applied stresses: at 6,,, =300 MPa, M7 = T}
and Mjf = 235 K (less than Ty by 30 K). These changes
decreased the mismatch between the lattices of R-mar-
tensite and Ti;Ni, particles. Then, the resistance force
obstructive the movement of the interphase boundary and
the dissipative energy started to increase significantly.
Consequently, the change in the R-phase rhombohedricity
also affected the reduction of the thermal hysteresis, AT?

The effect of R-phase rhombohedricity on the forward
MT interval, A‘l’, and the hysteresis, ATg, could be stronger
in the Ti-51.7at.%Ni single crystals because, first, the tem-
perature difference (M? — Ty) is greater (28 K) than in
the Ti-50.7at.%Ni single crystals (10 K). When the tem-
perature M? increased with increasing stresses, the dif-
ference (M7 — Ty) decreased because the temperature T
almost does not depend on the stress [8, 15, 18]. The Ti-
51.7at.%Ni single crystals required increasing the stress
up to 300 MPa to reduce the difference (M7 — Ty) down
to zero, whereas the Ti-50.7at.%Ni single crystals required
increasing the stress to only 100 MPa. Second, the increase
in the nickel-concentration leads to an increase in rhom-
bohedral distortion of the R-phase lattice [38]. So, the
describing effect, namely the reduction of interval A7
with increasing applied stress (and increasing M? tempera-
ture) associated with the change of mismatch parameters
between the lattices of the R-martensite and the Ti;Ni,
particles will intensify in Ti-51.7at.%Ni.
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At Stresses ¢,,,> 300 MPa

Increasing stress affected not only the forward MT inter-
val, A7, but also led to overheating during reverse MT,
AA‘S’ = AT‘Z’ - AT‘I’. In other words, the reverse MT start
temperature, A‘S’, decreased by AA‘S’. As a result, the £(T)
curves became symmetric; that is, the thermal hysteresis did
not depend on the martensite volume fraction AT] = AT7.
In this case, the forward MT occurred directly from the
B2-phase to the B19'-martensite, and the reverse MT
occurred in an inverse manner from the B19’-martensite to
the B2-phase. In Ti-50.7at.%Ni single crystals, this occurred
at stresses above 100 MPa, and above 300 MPa in Ti-51.7
at.% Ni single crystals. At this stresses, the thermal hys-
teresis did not change with increasing stress in both single
crystals and can be described using the Roitburd model [36].
The Schmid factor for detwinning of B19'-martensite under
compression along the [001]-direction is zero [3, 15, 18].
Therefore, according to [36], an increase in stress does not
affect the twin structure of B19'-martensite or the dissipated
energy, AG,,,, and, consequently, the hysteresis. Based on the
Roitburd model, such a description can be used if there is no
influence from other factors.

In the Ti-50.7at.%Ni and Ti-51.7at.%Ni single crys-
tals, the maximum reversible strain is achieved at stress
Capp>300 MPa. The values differed: ¢,,,=2.7% and
€,0p=1.7% for Ti-50.7at.%Ni and Ti-51.7at.%Ni single
crystals, respectively. The maximum reversible strain is
determined by the following parameters. First is the theo-
retical value of the lattice strain during B2-B19" MT under
compression along the [001]-direction. As shown in [8, 15,
18], in TiNi alloys, the theoretical lattice strain is 4.4%. In
aged single crystals, the decrease in strain is associated with
dendrites and untransformed areas of austenite, as evidenced
by the small strain of 2.8% in quenched single crystals (see
Sect. “MT During Stress-Assisted Cooling in Aged Ti-
50.7at.%Ni and Ti-51.7at.%Ni Single Crystals” and study
[1]). Second, the theoretical lattice strain 5 in aged alloys
is determined by the volume fraction of the matrix undergo-
ing the MT and differ from the theoretical lattice strain g, in
single-phase alloys: £; = €, — € 6 (3 is the volume fraction

of the particles). In aged Ti-51.7at.%Ni single crystals, the
volume fraction of particles (22%) was 2 times larger than
in Ti-50.7at.%Ni crystals (11%). Consequently, the volume
fractions of the matrix undergoing the MT were different
in these crystals. This is the main reason for the different
reversible strains observed experimentally. Third, in Ti-
51.7at.%Ni single crystals, small interparticle distances (less
than 100 nm) can lead to the formation of one martensite
variant, oriented in accordance with the internal stress
fields from particles and differing from the main oriented
martensite induced by external stress. If the external stress
does not reorient this martensite variant, then it can make a
small contribution to the transformation strain, reducing the
amount of reversible strain. Fourth, the formation of B19’
martensite is suppressed at interparticle distances of less
than 50 nm, as shown in [27-29].

The Effect of Aging on the Dependence of SME
Parameters on the Chemical Composition Compared
with Single-Phase Quenched Crystals

The dependences ¢,,,(c,,,) in aged crystals should be con-
sidered in comparison with quenched crystals (Fig. 4), which
were studied in detail in our previous work [1]. Such analy-
sis clarifies the effect of aging on the dependence of SME
parameters on chemical composition.

Figure 4a shows that the ¢,,,(c,,,) plots of quenched crys-
tals strongly depend on the chemical composition, which is
determined by the type of transition (thermal-induced MT
or strain glass transition). In quenched Ti-50.7at.%Ni single
crystals, a mixture of self-accommodating martensite vari-
ants and oriented martensite has been found to form during
thermal cycles under stress 6,,, <0,,, [1, 2]. This process
required a very low stress of ¢,,;,=50 MPa. The increase
in strain with increasing stress occurred due to the gradual
rearrangement of the mixture structure, that is, an increase
in the volume fraction of oriented martensite, which explains
the low strain growth coefficient de,, /do=6.2-107> MPa™".
In quenched Ti-51.7at.%Ni single crystals, where the strain
glass transition occurred, the self-accommodating mar-
tensite structure did not form; therefore, such a mixture did

Fig. 4 ]?ependence of revers- ¢.%| auenched a &% aged b
ible strain, ¢,,,, on applied v
compressive stress o, for 3] 777 For Ti507at%Ni  Ti-51,7at%Ni g T frev

quenched a Ti-50.7at.%Ni and
b Ti-51.7at.%Ni single crystals.

Ti-50,7at.%Ni

Data (a) was taken from [1] 24
1 S i | Ti-51,7at.%Ni
: | Gmax
T ; . : . . : 0 — ; T ; .
0 150 300 450 600 750 o, MPa 0 100 200 300 400 o MPa
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not arise. Only oriented martensite appeared in quenched Ti-
51.7at.%Ni single crystals, which required an extremely high
stress 6,,,;,, =750 MPa, 15 times higher than in Ti-50.7at.%Ni
crystals. In this case, a small increase in the applied stress
above ¢, (by 150 MPa) was sufficient for maximum strain.
Therefore, in quenched Ti-51.7at.%Ni crystals, the strain
growth coefficient de,, /do=18.6-107 MPa~! 3 times big-
ger than in quenched Ti-50.7at.%Ni single crystals.

The strong dependence of the ¢,,(c,,,) plots on the
chemical composition in quenched crystals degenerated after
aging. In the aged single crystals, the ¢,,(c,,,) plots have
similar forms (Fig. 4). The values of ¢,,;, and ¢,,,, stresses
were close. The values of the strain growth coefficient,
de,,/do were differed only in 1.3 times (against 3 times in
quenched crystals). The weak dependence of the ¢,,,(c,,,)
plots on the initial chemical composition in aged crystals was
associated with the following changes. First, the particle pre-
cipitation reduced the Ni content and induced the thermal-
induced MTs in aged Ti-51.7at.%Ni single crystals. That is
why the stress o,,;,, decreased significantly by 15 times (from
750 to 50 MPa), and the stress o,,,, decreased by 2.5 times
(from 800 to 300 MPa) after aging in Ti-51.7at.%Ni single
crystals. Moreover, the strain growth coefficient, de,, /do,
decreased by 3 times (from 18.6-107% to 5.5-107> MPa™}).
In contrast, in the Ti-50.7at.%Ni single crystals, thermal-
induced MTs with the formation mixture of self-accom-
modating martensite variants and oriented martensite were
observed before and after aging, respectively. Therefore, in
these crystals, the aging had a small effect on the ¢,,,(c,,,)
plots: the o,,;, and o,,,, stresses changed slightly, and the
de,, Jdo coefficients were close (6.2-10~° MPa™! in quenched
and 7.2-1073 MPa~! in aged crystals).

Second, the similar shapes of the ¢,,(c,,,) plots after
aging are associated with similar chemical compositions of
the matrixes in the aged Ti-50.7at.%Ni and Ti-51.7at.%Ni
crystals. As presented in [5, 6], alloys with different Ni con-
tent (from 50.6 to 51.5at.%) became 50.4-50.6at.% after
aging. This effect occurred due to the different volume frac-
tions of precipitating particles. The higher the Ni content,
the greater the particle volume fraction and the greater the
reduction in the Ni content in the matrix.

Third, the weakening dependence of the ¢,,,(c,,,) plots
on the chemical composition after aging can be associ-
ated with the changing in mechanisms of B19’-martensite
formation in quenched and aged crystals. In quenched Ti-
50.7at.%Ni and Ti-51.7at.%Ni crystals, the mechanisms of
B19'-martensite formation are completely different, whereas
they are similar in the aged crystals. The mechanism was
determined by large semi-coherent Ti;Ni, particles and was
valid for aged Ti-50.7at.%Ni and Ti-51.7at.%Ni crystals (see
Sect. “The Mechanism of Martensite Nucleation and Propa-
gation During Stress-Free Cooling in Aged Ti-50.7at.%Ni
and Ti-51.7at.%Ni Single Crystals”). Its main feature

is the occurrence of B19'-martensite near the particles,
whose boundaries are the sites of predominant nucleation
of martensite and simultaneously limit the growth of mar-
tensite crystals [3, 8, 21]. Despite the features, discussed in
Sects. “The Mechanism of Martensite Nucleation and Propa-
gation During Stress-Free Cooling in Aged Ti-50.7at.%Ni
and Ti-51.7at.%Ni Single Crystals” and “MT During Stress-
Assisted Cooling in Aged Ti-50.7at.%Ni and Ti-51.7at.%Ni
Single Crystals”, the mixtures of B19’-martensite variants
formed during stress-assisted cooling in aged single crys-
tals are similar. In both aged single crystals the mixtures of
B19'-martensite variants were formed under stress-assisted
cooling. These mixtures were formed from the R-phase or
B2-phase under the superposition of stress fields from the
particles and external applied stresses. The evolution of the
martensite mixtures with increasing stress o,,, caused an
increase in strain ¢,,,. Therefore, in aged Ti-50.7at.%Ni and
Ti-51.7at.%Ni crystals, close values of de,, /do coefficients
and o,,;, and o,,,, stresses were observed.

Thus, if the dependence of the SME on the chemical com-
position in the quenched crystals is determined by the type
of transition (thermal-induced MT or strain glass transition),
then in the aged crystals it is determined by the different
volume fractions of Ti;Ni, particles and different interpar-
ticle distances. In the quenched crystals, different types of
transition led to completely different ¢,,,(c,,,) plots, but at
the same time, the &(T) curves were symmetric and charac-
terised by a close values of strains, forward MT intervals,
A‘l’, and thermal hysteresis, AT? [1]. In contrast, in the aged
crystals, the different volume fractions of Ti;Ni, particles
and interparticle distances had little effect on the ¢,,;, and
O Stresses and de,, /do coefficient; however, they strongly
affected the reversible strain, ¢, forward MT intervals, A‘l’,

> “rev’

and thermal hysteresis, AT] = A7 — MJand AT] = A7 — M7

Conclusions

The SME in thermal cycles under compression in [001]-ori-
ented Ti-50.7at.%Ni and Ti-51.7 at.%Ni single crystals aged
at 823 K for 1 h was studied. During aging, Ti;Ni, particles
with sizes of 300-400 nm, a volume fraction of 11 and 22%,
and interparticle distances of 300-500 nm and 50-150 nm
were precipitated. Based on the results, we reached the fol-
lowing conclusions:

e In the aged single crystals, the SME parameters were
determined by the volume fraction of particles and inter-
particle distances, unlike the quenched single crystals, in
which the SME parameters were determined by the type
of transition (thermal-induced MT in Ti-50.7at.%Ni or
strain glass transition in Ti-51.7at.%Ni crystals);
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Aging led to a strong degeneration of the ¢,,(c,,,)
plots on the chemical composition, which was typical
for the quenched crystals. In aged Ti-50.7at.%Ni and
Ti-51.7at.%Ni single crystals, close values of the o,,;,
(30 MPa) and o,,,, (300 MPa) stresses, necessary to
achieve the minimum and maximum reversible strain
€,0,» Were observed, and similar values (differed in 1.3
times) for the strain growth coefficient de,,,/do were
obtained. These parameters are close because of the simi-
lar chemical composition of the matrix after the precipi-
tation of Ti;Ni, particles and the similar morphology of
martensite in aged crystals in contrast to the quenched
ones. In contrast, in quenched Ti-50.7at.%Ni and Ti-
51.7at.%Ni crystals, the stress o, differed by a factor
of 15, the stress o¢,,,, differed by a factor of 2, and the
coefficient de,, /do by a factor of 3.

The following SME parameters not depending on the
chemical composition of the quenched single crystals
but differed greatly after aging were established: the
reversible strain ¢,,,, the forward MT interval, A7, and
thermal hysteresis, AT‘I’ = A? - M‘S’ and AT; = A‘S’ - M;.’.
These features of SME in the aged single crystals were
determined by the different volume fraction of particles
and the change in the conditions for the nucleation and
growth of B19'-martensite crystals with a decrease in
interparticle distance from 500 to 50 nm.
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