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Abstract—The influence of a constant counteraction on the shape recovery and the specific shape recovery
energy in a titanium nickelide-based alloy is considered. This energy is shown to be maximal after preliminary
deformation of the material to a critical value and the external counteraction of shape recovery that corre-
sponds to critical stresses. The specific shape recovery energy is maximal in a titanium nickelide-based alloy
with the structure recrystallized at an annealing temperature of 570°C.
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INTRODUCTION

Titanium nickelide—based alloys with the shape
memory effect (SME) and superelasticity are most
used to produce thermomechanical joints, thermo-
force actuators, and medical implants, which undergo
counteraction from other structural members or the
environment [1—5]. The elements made of titanium
nickelide tend to recover their initial shape and do the
corresponding work, which is determined by the
chemical composition and the structure of an alloy
and deformation and heating conditions. Information
on this work is necessary to design most SME materi-
als. Moreover, counteracting loads change the tem-
perature (temperatures of the onset and end of shape

recovery A, and A, respectively) and deformation
(strains €, and 7, to be recovered) characteristics of tita-
nium nickelide articles, which hinders the prediction
of the behavior of these articles during operation [6].

The conditions of shape recovery counteraction
can be schematically divided into the following two
types [7]: at a gradually increasing load and at a con-
stant counteracting load. In the first case, the reactive
stresses in a material increase in heating when its shape
is recovered [8—10]. These stresses depend substan-
tially on the stiffness of a counteracting device: for
example, when couplings are restored for assembling
thermomechanical joints, the pipes to be joined pre-
vent the coupling from reaching its initial size [7]. In
the second case, counteraction causes constant tem-
perature-independent stresses, which are operative
during the entire shape recovery, in a material. This
situation is illustrated by the devices that lift loads
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using SME elements. The purpose of this work is to
consider this type of counteraction.

EXPERIMENTAL

We studied the wire fabricated by drawing rods
made of a TN1 titanium nickelide alloy containing

54.5% Ni (titanium for balance).l Alloy ingots were
prepared by melting of iodide titanium and electrolytic
nickel in a vacuum arc furnace with a nonconsumable
tungsten electrode in a purified helium atmosphere on
a water-cooled bottom (six melting processes). The
impurity contents in the alloy were as follows: 0.07 O,
0.02 N, 0.006 C, and 0.002 H. The presence of an oxy-
gen impurity in the alloy promotes the formation of
the TiyNi,O phase, which results in nickel enrichment
of the B2 matrix. The results of metallographic studies
demonstrate that the volume fraction of this phase is at
least 10%. Using differential scanning calorimetry, we
found that annealing of the alloy at 450—900°C for 1 h
did not change the martensite transformation tem-
perature (M;=—10 = 5°C, A,= 20 % 3°C), which indi-
cate the absence of precipitation or dissolution of
nickel-rich intermetallic particles (Ti;Niy, Ti,Nis).

Drawing was carried out at 600—700°C to reach w
wire diameter of 1.5 mm, cold drawing was then per-
formed to a final wire diameter of 1.3 mm, and the
total deformation was 15—20%. Heat treatment of wire
samples was conducted at 450 and 570°C in furnaces
with an air atmosphere and at 900°C in vacuum. The
microstructure of the samples was studied on a Neo-

! Hereafter, the element contents are given in wt %.
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phot 31 optical microscope after electrochemical pol-
ishing and chemical etching.

The heat-treated samples were subjected to testing
on a universal UPK 1 torsion device, which was based
on the design of an inverse torsion pendulum, in a tube
furnace with an air atmosphere in the temperature
range 20—200°C (Fig. 1). The samples were deformed
by torsion to various levels of tangential stresses T,
shear strain ywas measured, and T—Yy deformation dia-
grams were plotted using testing results. To determine
the shape recovery energy, the samples were deformed
by torsion at a temperature of 20°C and then heated in
a loaded state under the action of the constant tangen-
tial stress specified by the load suspended from a tor-
sion pendulum. The change in the angle of sample
rotation with temperature was fixed upon heating.
During shape recovery, the sample “untwisted” and
lifted the load. The shape recovery energy was deter-
mined as the product of the mass and the displace-
ment of the load. Using the ratio of this product to the
sample volume, we calculated the specific shape
recovery energy (a,).

To determine the temperatures of the onset (A.)

and the end (4;) of shape recovery, the samples were
deformed by torsion by 3% at 20°C and then heated in
the free-standing state to record the recovered strain as
a function of the temperature gradient temperature.

With these curves, we determined temperatures A

and A; similarly to the technique described in [11].

It should be noted that there are no generally
accepted and standardized SME and superelasticity
characteristics and methods for their determination.
Therefore, we hope that the data obtained in this work
will facilitate progress in this field, development of
certain normative documents, and a wide discussion.

RESULTS AND DISCUSSION

The structure and the thermomechanical behavior
of the wire samples in the initial state (after drawing
and polishing) are caused by intense cold working of
the material in drawing a wire at temperatures below
the recrystallization temperature of the alloy [12].
Therefore, we annealed the samples at 450, 570, and
900°C for 1 h under an external counteraction to study
the influence of the structure of the alloy on its ability
to recover shape under an external action. At 450°C,
polygonization occurs in deformed semiproducts
made of titanium nickelide—based alloys [13]. Recrys-
tallization of this material begins above 550°C, and
normal grain growth takes place with intense B2-phase
grain growth upon heating above 800°C (Fig. 2).
Therefore, heat treatment ensured the formation of
different structural states of the material, which exhib-
ited SME during deformation and heating. The tem-
perature range of the onset and end of shape recovery
in the heta-treated samples is given in Table 1.
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Fig. 1. Schematic diagram for testing a sample in an inverse
torsion pendulum to determine the specific shape recovery
energy: (/) inverse torsion pendulum, (2) furnace,
(3) sample, and (4) load.

The structural state of the alloy substantially affects
its mechanical behavior at normal temperature
(Fig. 3). As compared to the annealed samples, the
samples in the initial state are characterized by a rela-
tively high yield strength, which is caused by the devel-
opment of martensitic transformation under stress,
and a high strain, which is elastically and/or superelas-
tically recovered in unloading. The superelastic mech-
anism of strain recovery in unloading is indicated by a
well-pronounced nonlinear character of the unload-
ing curves. The residual strain fixed under these con-
ditions is not fully recovered in the samples with the
initial structure upon further heating. The yield
strength of the annealed samples decreases signifi-
cantly, the major part of the induced strain changes
into residual strain after unloading, and this strain is
fully or partly recovered upon further heating in the
temperature range 30—60°C.

Intense slip develops in the alloy later as compared
to the martensitic transformation under stress and
induces mechanically and thermally irreducible strain.
The maximum induced strain after which the initial
sample shape is fully recovered upon unloading
and/or further heating is called critical strain v,, [14].
As the induced strain increases, the slip-induced
unrecovered strain increases. To measure the critical
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Fig. 2. Microstructure of a TN1 alloy in (a) initial state and after (b—d) annealing for 1 h at 450, 570, and 900°C, respectively.

strain, it is convenient to use the induced strain, which
corresponds to the appearance of a certain small unre-
covered strain specified by a strain tolerance (which is,
e.g., 0.3% for torsion). This critical strain is designated

as Y.’ (Table 1, Fig. 4).

The experimental results demonstrate that the crit-
ical strain of the heat-treated samples is higher than
that in the samples in the initial state (Table 1). This
difference is caused by the fact that an increase in the

annealing temperature leads to a decrease in the
imperfection of the structure of the B2 matrix, which
facilitates the stress-induced martensitic transforma-
tion and decreases the martensitic shear stress (see
Fig. 3). However, a decrease in the structural imper-
fection promotes slip processes. Therefore, critical

stress To;, which is determined from the T—y curves of
the samples at the induced strain corresponding to

ygf, also decreases upon annealing (see Table 1).

Table 1. Thermomechanical properties of wire samples made of atomic transition-based alloy

Treatment conditions Asr Aer a’™, Ml/ m? G, GPa
(state of sample) Y2;3 . % Tgf’ MPa (at 20°C)
°C calculated |experimental
Untreated (initial 30 46 4 230 1.0 - 7.3
deformed)
Annealing at 450°C, 1 h 33 47 7 200 3.7 3.6 6.0
(polygonized)
Annealing at 570°C, 1 h 36 50 9 150 4.5 5.0 5.0
(recrystallized)
Annealing at 900°C, 1 h 39 60 7 120 3.4 3.8 8.9
(recrystallized)
RUSSIAN METALLURGY (METALLY)  Vol. 2018 No. 9
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Fig. 3. Torsion curves at 20°C for TN1 alloy samples in
(1) initial state and after annealing at 1 h for (2) 450,
(3) 570, and (4) 900°C.

However, the decrease in the martensitic shear stress
upon annealing turns out to be stronger than the
decrease in the stresses inducing slip. As a result, an
increase in the annealing temperature leads to an

. . 0.3
increase in v, .

To determine the influence of the stresses acting
against shape recovery on forming, we deformed sam-
ples at various degrees and normal temperature,
loaded them to various levels of tangential stresses T
counteracting shape recovery, heated them to 140—
160°C, and recorded the current value of strain y. The
difference between the strains in a sample after loading
by counteracting stresses and the end of heating deter-
mined the strain recovered under load. After heating,
the samples were cooled in a loaded state to normal
temperature. The experimental results are shown in
Figs. 5 and 6.

We now consider the thermomechanical behavior
of the samples annealed at 570°C and deformed by
10% (see Fig. 5). After deformation by 10% and subse-
quent unloading, the samples retain a residual strain of
~7.2% at 20°C. This strain becomes higher after the
application of a counteracting stress to be overcome by
a sample to recover its initial shape upon subsequent
heating. The sample shape is partly recovered upon
heating in the temperature range from 40 to 140°C.
The higher the counteracting stress T, the lower the
recovered strain 7y, and the higher the shape recovery
temperature.

If the loaded samples are cooled to normal tem-
perature, no forming is observed up-on cooling under
the load lower than 80—100 MPa. At higher values of T,
cooling causes deformation accumulation induced by
the transformation plasticity when martensite forms
under load. The strain having accumulated upon cool-
ing increases with T and exceeds an initial induced strain

of 10% at the stresses higher than 107" = 150 MPa.

Similar dependences of forming under load were
observed when the preliminarily induced strain was
lower (e.g., 6%) than the critical strain (see Fig. 6). In
this case, the counteraction stress was limited to
80 MPa, since the deformation of the samples at nor-
mal temperature exceeds the given value (6%) at a
higher stress.
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Fig. 4. Determination of the critical strain yg'r3 corre-
sponding to the appearance of unrecovered strain (0.3%):
(1) induced strain v; is fully recovered, (2) critical strain 7y,
above which unrecovered strain appears, (3) critical strain
yg'f with a tolerance for an unrecovered strain of 0.3%,

(4) sum of the elastic (superelastic) strain recovered upon
unloading and the strain recovered upon heating (y, + v,),

and (5) unrecovered strain .
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Fig. 5. Change in the shape of the TN1 alloy samples
annealed at 570°C after deformation by 10% at 20°C in the
course of heating at the counteraction stress (MPa):
(1) without load, (2) 20, (3) 60, (4) 120, (5) 140, and
(6) 180.
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Fig. 6. Change in the shape of the TNI1 alloy samples
annealed at 570°C after deformation by (solid circles) 6
and (open circles) 20% at 20°C in the course of heating at
the counteraction stress (MPa): (1, 4) without load,
(2, 5) 40, (3, 6) 80, (7) 100, and (&) 120.

At all induced strains (6, 10, 20%), the transforma-
tion plasticity upon cooling takes place at a stress higher
than 80—100 MPa. The temperature of martensitic

transformation under stress (M) increases with the
induced strain and counteraction stress (Fig. 7). The

shape recovery temperatures (4;, A,) change similarly.

The calculations of the specific shape recovery
energy show that it increases with the counteraction
stress until the limiting value (Fig. 8). The dependence
of a, on counteraction stress 7T is influenced by prelim-
inarily induced strain y,. When v, is lower than the crit-
ical value, a, increases up to the values of T corre-
sponding to this strain at normal temperature. At

strain 7y, that is equal or close to ygf, the dependence of
a,on T is divided into the flowing two segments: in the
first segment, this dependence increases monotoni-
cally, as in the previous case; in the second segment,
this dependence is almost horizontal. The specific
shape recovery energy is maximal at the counteraction
stresses that are close to the stresses that cause slip in

the alloy matrix. In this case (y, > ygf), the a,—7
dependence has a maximum.
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Fig. 7. Effect of counteraction stresses T on the tempera-
tures of the onset (A,sr ; open circles, dashed line) and end

(A, solid circles, solid line) of shape recovery and the
temperatures of the onset of martensitic transformation

under load (MSG , open circles, solid line). The preliminary
strain is (A, A) 6, (O, @) 10, and (T, m) 20%.
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Fig. 8. Effect of counteraction stresses T on the specific
shape recovery energy a, of the alloy TN1 samples
annealed at 570°C and deformed at 20°C by (/) 6, (2) 10,
and (3) 20%. (solid lines 7/—3) Experimental results,
(dashed lines /—3) calculation results, and (4) calculated
maximum value of a,.
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The shape recovery energy at constant external
counteraction can be calculated as the product of the
counteraction stress into the strain recovered in heat-
ing. If the processes of slip and unrecovered strain
accumulation are not taken into account, a, can be
estimated by the expression

1 T
a4 == _x
=21(n-2).
where 7T is the external counteraction stress (MPa),
Y. is the strain accumulated by a sample during prelim-
inary deformation by v, and subsequent loading to 7,
and G is the shear modulus (MPa; it is very low
(~5.0 GPa) in the samples annealed at 570°C (see
Table 1)).

Dashed lines /—3 in Fig. 8 show the calculated
dependences of a, on T for various values of v,. It is
clearly visible that, when slip is absent in the alloy
(e.g., in the samples deformed by 6 and 10% at 1T <
100 MPa), the calculated and experimental values of
a, almost coincide. The difference between the calcu-
lated and experimental data is maximal for the sam-
ples deformed by 20%: slip in them hinders the reverse
martensitic transformation upon heating.

The maximum values of a, in the samples annealed
at 570°C were reached after deformation by 10% at
normal temperature and the application of counterac-
tion stresses of 120—180 MPa. We can conclude that
the specific shape recovery energy is maximal in the

. N . 0.3
material when its induced strain corresponds to ..
and the shape recovery counteraction stresses are close

to 172;3, all other thing being equal. It should be noted
that these maximum strains and stresses, which result
in full shape recovery after loading, unloading, and/or

heating above A., are the limiting conditions under
which a sample can be subjected to repeated cycling
through the temperature range of the forward and
reverse martensitic transformations and accumulate
and recover strain without a substantial distortion of
its initial shape.

The maximum possible level of the specific shape
recovery energy under limited development of slip
processes can be estimated by the formula

0.3
g = L0 (vi’f o j

2 G
At v’ = 9% and 10 = 150 MPa, the calculated
maximum value of a, is 4.5 MJ/m3, which is close to

the experimental value (4.8—5.3 MJ/m?).

The slightly lower values of calculated a, as com-
pared to the experimental data are related to the fact
that the shear modulus measured at 20°C was used in
the calculations, whereas it is more correctly to use the
shear modulus measured at 140—160°C. Upon heat-
ing, the shear modulus of the alloy should increase due
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to the transformation of martensite into austenite [15],
and the specific shape recovery energy should also
increase.

The structural state of the titanium nickelide—
based alloy substantially affects the shape recovery
energy (see Table 1). In the initial state (after drawing),
high shape recovery energies after deformation at 20°C
cannot be achieved because of the superelastic proper-
ties of the material and a very low residual strain. A
theoretical analysis demonstrates that the maximum
shape recovery energy of the material in this structural
state does not exceed 1.0 MJ/m3. Therefore, we did
not determine the shape recovery energy of the sam-
ples in the initial state with a deformed structure. After
polygonization annealing at 450°C, the samples have
high critical stresses and a satisfactory critical strain.
Therefore, we can reach a maximum specific shape
recovery energy of 3.6 MJ/m?. Recrystallization
annealing at 570°C decreases the critical stresses;
however, the critical strain increases under these con-
ditions, which ensures a high maximum value of a,

(~5.0 MJ/m?).

An increase in the recrystallization annealing tem-
perature to 900°C leads to B2-grain growth. This
growth enhances the nonuniformity of the stress and
microstrain distributions in the material volume and
favors their concentration at grain boundaries [16]. As
aresult, slip in the material occurs at the macrostresses
and macrostrains that are lower than those after
annealing at = 450 and 570°C, and their critical val-

max

ues decrease (see Table 1). The calculation of a,
demonstrates that the maximum shape recovery
energy is 3.4 MJ/m3 at y,, = 7.0% and corresponding
T, = 120 MPa, and this value agrees well with the
experimental results (3.8 MJ/m?).

CONCLUSIONS

(1) Our investigations showed that the specific
superelasticity and/or shape recovery energy is to be
determined to describe the thermomechanical proper-
ties of an SME material and to calculate the operating
characteristics of the articles made of it. For this pur-
pose, the critical strains and stresses corresponding to
the maximum loading of a sample, after which it com-
pletely (accurate to 0.2% for tension—compression
and 0.3% for torsion) restores its shape after unloading

and/or subsequent heating above A,, should be deter-
mined from the results of loading at a temperature

lower than 4.
(2) The experiment to determine the maximum spe-

a

cific shape recovery energy a, should be performed
under the conditions where the induced strain is 72;3

. 0.3
and the counteraction stresses correspond to T, .
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(3) The structural state of the samples of a titanium

0.3
cr o

nickelide—based alloy was found to affect ygf, T

0.3 . . ..
and a,"". v, is maximal after recrystallization anneal-

ing. The critical stresses decrease and the critical
strains increase when the Ilattice imperfection
decreases during polygonization and recrystallization
annealing. The specific shape recovery energy is max-
imal in samples with a recrystallized structure.
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