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Abstract—The effect of the structure, the temperature, and the deformation scheme on the deformation
behavior of titanium nickelide-based alloys is studied. One of the most important characteristics of the mate-
rial is shown to be the temperature dependence of the critical strain corresponding to the onset of intense

development of slip mechanisms.
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INTRODUCTION

Titanium nickelide-based alloys attract attention of
material scientists and engineers due to a unique com-
bination of their properties: a high strength, high cor-
rosion resistance, a high damping capacity, and good
biological compatibility with tissues of living organ-
isms along with the shape memory effect (SME) and
superplasticity [1—4]. These alloys are used for fabri-
cating thermomechnical joints, thermal-force execu-
tive units, temperature sensors, and implanted medi-
cine parts [5—7].

Studies show that the mechanical behavior of tita-
nium nickelide-based alloys is dependent on the test
temperature [1, 8], and the characteristics of SME
and the superplasticity, on the strain [9—11]. There-
fore, the temperature dependence of the deformation
characteristic of the material should be taken into
account when projecting and applying parts. It is evi-
dent that one of the most important characteristics is
the limiting (critical) degree of strain, the excess of
which leads to irreversible accumulation of a residual
strain. It is useful to include this value in the calcula-
tions of the parts in which the accumulation of unre-
covered strain during its operation is not allowable:
for example, when calculating the designs of implants
and actuators.

In this work, we study the effect of chemical com-
position, a structure, a deformation scheme, and the
test temperature on the critical stresses and strains in
titanium nickelide-based alloys.

EXPERIMENTAL

We carried out the studies using a wire 2.23 mm in
diameter fabricated by industrial technology from
ingots of two casts. Table 1 gives the chemical compo-
sitions of these alloys.

The wire was straightened out by suspending a load
to one of its ends and heating by an electric current to
a temperature of =600°C upon holding for 5 min.
Then, the wire was cut into specimens about 70 mm in
length. Before tests, all specimens were subjected to
heat treatment, including vacuum annealing at 700°C
(1 h), at which the recrystallized structure of the
B2 phase forms [11], and two-stage aging at 500°C and
450°C. Some specimens were subjected to aging with-
out previous annealing at 700°C. The aging regimes
(the holding time at each stage) were chosen so that

the temperature of the finish of shape recovery is A; =
35 £ 1°C. The temperatures of the onset and the finish

of shape recovery (A and Ap) after heat treatment
were determined by the technique from [12] by bend-
ing deformation of the specimens at 5°C and subse-
quent heating in a free state with recording the depen-
dence of the recovered strain on the heating tempera-

Table 1. Chemical compositions of the alloys, wt %

Alloy | Ni Ti C N O H
54.8 | Balance | 0.023 | 0.005 | 0.12 | 0.0017
2 55.7 | Balance | 0.012 | 0.009 | 0.16 | 0.0011
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Fig. 1. Stress T—strain Y diagrams obtained upon torsion tests at various temperatures for (a) alloy 1 and (b) alloy 2 with a recrys-

tallized structure.

ture. The heat treated specimens were ground by
tumbling and subjected by electrical polishing.

To study the thermomechanical behavior, the
specimens were subjected to tension on a TIRAtest
2300 testing machine, to torsion at a UPK-1 universal
torsion machine that, in its design, is an inverse tor-
sion pendulum, and to bending by rolling around
mandrels of various diameters [13]. The tests were car-
ried out at a temperature from the range 5—50°C.

To determine the influence of deformation on the
characteristics of the shape recovery, the specimens
were deformed by 2—16% and, then, heated to 150°C
to found the recovered and unrecovered strains. The
shape recovery of the samples was carried out by heat-
ing in a water thermostat (after tension and bending)
or in a tube electric furnace (after torsion) with mea-
suring the recovered and unrecovered strains.

The critical degree of strain was used as the main
characteristic determining the working capacity of
these alloys. To determine this characteristic, the
specimens were tested at given temperature by the
loading—unloading—heating scheme in a free state
with a gradual increase in the strain in each testing
cycle. The total strain at which an unrecovered strain
appeared in a specimen was considered as the critical
strain.

Since the strains and stresses were nonunformly
distributed over the specimen during tests for bending
and torsion, their critical values were determined on
the external specimen surface, where the strains are
maximal. In spite of the fact that the stress—strain state
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is not favorable in homogeneity appears upon bending
and torsion and, as a result, the efficiency of using of
all material volume is low, the practice shows [5, 7]
that it is bending and torsion that are the most widely
used deformation schemes for SMA parts made from
wire and sheet semifinished products.

RESULTS AND DISCUSSION

Figure 1 shows the dependence of shear stresses T
on torsion strain Y obtained as a result of torsion tests
at various temperatures. According to these data, the
alloys are in a plastic state at 5 and 20°C and accumu-
late a significant residual strain (it can be completely
recovered during subsequent heating); at a tempera-
ture of 35°C or higher, the alloys demonstrate super-
elastic behavior [1]. It should be noted that the curves
measured in specimens with recrystallized and unre-
crystallized structures almost coincide.

Three characteristic segments can be separated in
the T—y curves at the stage of loading. The first seg-
ment is related to the predominantly elastic behavior
of the material. The second segment having substan-
tially lesser slope is due to the intense formation of
deformation martensite crystals and/or the reorienta-
tion of athermal martensite crystals under action of
applied stresses [14]. The stress at which the transition
from the first segment to the second one is observed in
the stress—strain curves is the phase yield point, i.c.,
the martensitic shear stress (T,,). It should be noted
that the proportionality limit (t,) and the conven-
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Fig. 2. Shape recovery temperatures (A;, A;) and unre-
covered strain (Y,,) vs. the torsion strain (y) at 5°C for

alloys (a) 1 and (b) 2 with a recrystallized structure.

tional yield strength (T, ;) determined with respect to
this transition are not related to the accumulation of
unrecovered strain by slip mechanisms; therefore, they
are not the mechanical characteristics that determine
the limiting allowable alloy loading conditions. When
reaching T,, a relatively insignificant increase in
stresses causes a significant increase in the strains
(then, it can be recovered upon the reverse martensitic
transformation). In the third segment, the slopes of
the T—y curve increases, which is due to exhausting of
the martensitic transformation and stress twinning
and to material forming by predominantly slip mech-
anisms.

The shape recovery curves measured after defor-
mation of the alloys at 5°C were used to determine the
strain dependences of the temperatures of the onset

(A}) and finish (A;) shape recovery (Fig. 2). The
shape recovery temperature increases with the strain

and the interval Ai—A} is expanded. For alloy 2, this
interval is 5—7°C at y < 6% and 12—15°C at v > 6%.
Alloy 1 is characterized by a wider interval of shape
recovery temperatures: it is =10°C at y = 2%. The
extrapolation of the dependences of the shape recov-
ery temperatures enables the conclusion that the
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Fig. 3. Determination of critical strains 88;2 and yg'r3 in
SMAS; €0y (Yrey) 1 the strain reversible on unloading and

on heating, €, (Yunr) i unrecovered strain.

reverse martensitic transformation temperature (A,
Ay) of these alloys lie in the range from 20°C to 35°C.

To estimate the working capacity of SME con-
structions, the total strain to which unrecovered strain
€mr = 0.2% (for tensile/compression and bending
strain) or 7,,, = 0.3% (for torsion) corresponds should
be used as the limiting allowable (critical) strain value.
An unrecovered strain of 0.2—0.3% is within the toler-
ances for majority of products and can be quite cor-
rectly measured during tests. We denote this critical

degree of strain as 82;2 or yg‘f (Fig. 3). If the total strain
is not higher than the critical strain, it should be com-
pletely reversible; i.e., it should be removed on unload-
ing and be recovered during subsequent heating. In this
case, we have to take into account the dependence of
the critical strain on the test temperature.

In the alloys, the value of ygf decreases as the test
temperature increases (Fig. 4a). Alloy 1 has the best
deformation characteristics in the temperature range
5—20°C. However, it begins to give way to alloy 2 with
a higher nickel content as temperature increases, in
particular, in the case of an unrecrystallized structure.
To explain this fact, it is necessary to introduce
another characteristic, namely, limiting allowable

(critical) stress T, corresponding to strain 72;3. As is

seen from Fig. 4a, y(c)f = const at temperatures of 5—
20°C. In alloy 1 subjected to recrystallized annealing,

we have Y2’ = 12 + 0.6% and, in alloy 2, ¥’ = 10.5 +
0.4%. The critical stresses corresponding to these
strains (at temperatures from 5 to 20°C) are 300 £ 20
and 420 = 15 MPa, respectively (Fig. 4b). Since the
structures of the alloys are martensitic in the case of
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Fig. 4. Temperature dependences of (a) critical strains and
(b) critical stresses in titanium nickelide-based alloys with
(solid lines) recrystallized and (dashed lines) unrecrystal-
lized structures.

strain by 10—12% at temperatures 5—20°C [6, 15], we
can state that 1., = 300 MPa and 7., = 420 MPa are the
stresses that cause slip in martensite in alloys 1 and 2,
respectively.

The structures of both alloys in the recrystallized
state contain the B2 phase in the unloaded state at
temperatures 35—50°C. On loading, material forming
occurs via the martensitic mechanism until the slip
stress is reached in the B2 phase. Then forming occurs
via a mixed mechanism (simultaneously by slip and
the martensitic transformation); i.e., an unrecovered

strain should appear. In alloy 2, we have 72;3 =8+0.3%

at 35°C and 72 = 3 + 0.5% at 50°C, and T, corre-
sponding to these values is 340 = 10 MPa. It can be
stated that this stress is the slip stress in the B2 phase.
We can also state in the same procedure that the slip
stresses in the B2 phase of alloy lare 270 + 15 MPa;
i.e., slip in the recrystallized B2 phase is developed at
lower stresses than in martensite. The specimens of
both alloys that were not subjected to recrystalliza-
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tion annealing demonstrate the opposite situation:
slip processes in martensite are developed at lower
stresses than in the B2 phase due to a highly imper-
fect structure.

The obtained temperature dependences of the crit-
ical strain can be explained by the influence of the
alloy structure on the martensitic transformation
mechanisms and on the slip mechanisms. The value of

ygf is determined by the relation between the marten-
sitic transformation and/or twinning stresses and/the
stresses at which the slip processes (T,) begin to
develop in the alloy matrix. In this case, it should be
taken into account that the martensitic transformation
stresses increase as compared to the initial martensitic
shear stress (T,,) during deformation of the alloy. The
character of change in these stresses is dependent on
the test temperature, the chemical composition, and
the structure of the alloy and determines the T—y dia-
gram shape at the end (Fig. 1). The accumulation of
unrecovered strain begins at the moment when the
stresses required for the development of the martensi-
tic transformation and twinning reach t.,. The higher
temperature, the higher the martensitic transforma-
tion stresses and the sooner the critical stresses.

In alloy 2 with a high nickel content, the volume
fraction of disperse particles of Ti;Ni, intermetalic
compound, which precipitate during aging, is larger
than that in alloy 1 [15]. These particles strengthen the
alloy matrix; therefore, the critical stresses T, corre-
sponding to the onset of slip processes in martensite
B19' or B2 austenite in alloy 2 are higher than those in
alloy 1. Despite this fact, alloy 1 with a lower nickel

content is characterized by higher values of 7).’ at low
deformation temperatures. This is due to that the mar-
tensite shear stresses in alloy 1 are lower than the
stresses in alloy 2, and, therefore, reach the critical
values at higher strains. However, the martensitic
shear stress increases with the test temperature. In
this case, the rate of increase of stress is such that the
critical stresses in alloy 1 are reached earlier than in
alloy 2 upon deformation in the temperature range
35-50°C.

The highest effect of the matrix strengthening is
observed in aging of alloy 2 without previous recrystal-
lized annealing. A large number of defects of the crys-
tal structure and a large volume fraction of disperse
Ti;Ni, particles substantially hamper slip in the
B2 phase and provide the highest critical deformations
in the alloy in the superelastic state (at test tempera-
tures 35—50°C).

Consider the properties of the alloys with an unre-
crystallized structure. The structure formed during
aging without previous recrystallization annealing is
characterized by a higher density of defects (first, dis-
locations). The existence of the fields of elastic stresses
around the pile-up of dislocations and chemical
microheterogeneities decreases the uniformity of the
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distribution of intermetalic compounds precipitated
during aging [16], which influences the level of the
critical stresses and strains. The tests of the specimens
at temperatures lower than A; (from 5 to 20°C)
demonstrate a lower level of the critical stresses T,. For
example, in alloys 1 and 2 with the recrystallized
structure in the martensitic state, T, = 300 = 20 and
420 =+ 15, respectively, and in alloys which were not
subjected to the recrystallization annealing, T, = 240 =
10 and 360 = 10 MPa (Fig. 4). The development of slip
at lower applied stresses can be due to a high level of
internal stresses, which occur in martensite B19'
because of a high defect concentration, the existence
of chemical microheterogeneities, and a high volume
fraction of disperse Ti;Ni, particles. These stresses are
added to external stresses. A decrease in T, leads to a

slight decrease in the value of ygf: to 11 £ 0.4% in
alloy 1 and to 10 £ 0.3% in alloy 2.

The value of 7., of alloy 2 in the temperature inter-
val higher than A; (35—50°C) increases to 380 = 20 MPa
as a result of strengthening the B2 phase related to an
increased defect density. This is accompanied by the

increase in y;’ to 10 + 0.5% at 35°C and to 4 + 0.3%
at 50°C. Similar change in the critical stresses and
strains in the temperature range 35—50°C is observed
in alloy 1 as well, but it is less pronounced (T, = 290 =

10 MPa, 72 = 7 + 0.3% at 35°C, Y2’ = 3 + 0.2% at
50°C).

The deformation schemes upon the tests sub-
stantially influence the deformation characteristics.
Figure 5 shows the temperature dependences of criti-

cal strain agf built on the results of the bending and
tensile tests of the specimens with a recrystallized
structure. The tension is the least favorable deforma-
tion scheme upon the deformation of alloys in a “plas-
tic” state (at 5—20°C). This fact can be explained by
that the tensile stresses and tensile strains are uni-
formly distributed over the specimen cross-section
and the measured average strain is maximal. At the
same time, the maximum bending and torsion strains
appeared on the specimen surface are substantially
higher than the values averaged over the cross-section.
Thus, if a mixed deformation mechanism (martensitic
transformation + slip) is observed on the surfaces of
specimens subjected to bending or torsion, the mech-
anisms of elastic deformation and martensitic trans-
formation can still dominate in internal layers of the
specimens. The absence of slip in the internal volumes
of the specimen would determine complete recovery
of the macroscopic deformation during subsequent

unloading and heating at high values of ygf (82',.2) as
compared to tension. The influence of a loading
scheme on the critical strains can also be explained by
the anisotropy of the crystallogeometric characteris-
tics of the B2 — B19' martensitic transformation and
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Fig. 5. Effect of a deformation scheme on the temperature
dependence of the critical strains for alloys (a) 1 and (b) 2
with the recrystallized structures.

by the fact that the torsion causes a stress—strain state,
which is closest to the scheme that occurs upon the
crystallographic shift during the martensitic transfor-
mation [16].

In the superelastic state (at 35—50°C), the influ-
ence of a loading scheme on the critical strains in alloy 2
is weaker as compared to that in the low-temperature
state, and the critical strains in alloy 1 are only slightly
dependent on the loading scheme and reach compara-
ble values. It should be noted that the obtained results
are preliminary, and the influence of the scheme of
the stress—strain state on the temperature depen-
dences of the critical strain needs a further detailed
study.

CONCLUSIONS

The critical strains and stresses are important
parameters, which characterize the working ability of
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SMA, since the excess of these values leads to degen-
eration of the shape recovery characteristics. The
results of the studies showed that the stress—strain
characteristics of titanium nickelide SMAs are sub-
stantially dependent on the chemical composition and
the structural state of the B2 matrix and the thermo-
mechanical treatment conditions. Bending and tor-
sion are the most favorable deformation schemes for
the alloys in the martensite state, and tension is the
least favorable scheme. The critical degrees of strain
upon bending, tension, and torsion are quite close to
each other in the case of deformation in the superelas-
tic state.

In this work, the critical stresses and strains were
determined on loading the alloys under isothermal
conditions. At the same time, some constructions, in
which SMAs are used, operate in athermal conditions,
when strain accumulation recovery occurs during
thermal cycling through the interval of the forward
and reverse martensitic transformation. In this case,
some regularities of the martensitic transformation
and slip mechanisms and the influences of the chem-
ical composition and the alloy structure can differ
from those observed under isothermal conditions.

The established regularities of changing the critical
stresses and strains should be taken into account in the
engineering calculations of SME parts. In particular,
the temperature dependences of the critical strains
were used at AO KIMPF (Moscow, Russia) in the
development of the technology of applying, calcula-
tions of design, and optimization of fabricating
implants from titanium nickelide-based alloys for neu-
rosurgery, traumatology, and orthopedics.
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