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Abstract—The operability of shape memory spring actuators made of titanium nickelide under constant and
variable counteraction to shape recovery is investigated. Methods for calculating the maximum specific
energy of the actuators using the properties of the material are proposed. These properties are shown to be the
critical strains and stresses (in martensitic and austenitic states) corresponding to the beginning of slip pro-
cesses and depending on the ratio of the test temperature to the shape recovery temperatures.
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1. INTRODUCTION

Actuators are the devices that convert a control sig-
nal into useful work with an actuator; in most cases,
they are electromechanical and have large overall
dimensions [1]. The actuators can use functional
materials with special properties, such as the piezo-
electric effect, magnetostriction, and the shape mem-
ory effect [2, 3]. Piezo- and magnetostriction actua-
tors are characterized by a high response frequency (up
to 10000 Hz) but have a low specific power [4]. Actu-
ators made of shape memory effect (SME) alloys are
characterized by a low response frequency (lower than
1 Hz) but can perform three orders of magnitude
higher specific work, and a combination of a thermo-
sensitive element and an actuating mechanism in such
actuators makes it possible to minimize their dimen-
sions and weight [4, 5].

Actuators made of titanium nickelide—based alloys
are most widely used among the developed and tested
SME actuators [5]. They are used in automatic tem-
perature controllers of air conditioning and water sup-
ply systems, car thermostats, press drives, mechanisms
for changing the wing profile of aircraft, and heat
engines [5—8]. The basic principles of designing such
actuators have been studied in sufficient detail [2, 3, 5,
9—14]. It is believed that, when actuators in the form
of torsion tubes [15] or spiral springs [16, 17] are used,
it is possible to achieve a combination of the highest
functional characteristics with the simplicity and
compactness of an actuator design.

The operability of SME actuators is largely deter-
mined by a set of the temperature, strain, force, and
energy characteristics of such materials. However, the
scientifically based principles to improve the effi-

ciency of SME actuators have not yet been fully deter-
mined. As a rule, they consist in choosing a material
with the desired SME temperature range [18]. The
authors of [9, 19, 20] demonstrated a high sensitivity of
both temperature and strain and force characteristics
of SME to the structure of titanium nickelide—based
alloys, which depends on both the chemical composi-
tion of the alloy and on the technology of producing
semifinished and end products.

The purpose of this work is to find the relationship
between the performance characteristics of spring
thermomechanical actuators (reversible strain, devel-
oped forces, specific energy) and their geometric
parameters and the properties of an SME material.
The critical stresses and strains, at which slip processes
begin to develop in an alloy and lead to incomplete
shape recovery (if they are exceeded, the operability of
the actuators should decrease), were chosen as such
characteristics [21, 22]. This fact is a limitation of the
operating conditions for multiple operating actuators.

2. EXPERIMENTAL

A wire 1.3 mm in diameter made of a Ti—55.8Ni
alloy (wt %) was used as an object of research. The
alloy is an aging alloy with the possibility of precipita-
tion of nickel-rich Ti;Ni, and Ti,Ni; intermetallic par-
ticles at temperatures of 400—500°C [23], which
allows us to vary the temperature of the end of the
reverse martensitic transformation (A4;) over a fairly
wide range, from —30 to 50°C.

Straight pieces of wire were subjected to torsion
tests in an inverse torsion pendulum at temperatures
from 20 to 100°C. Using experimental results, we plot-
ted stress—strain curves in the conventional tangential
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Fig. 1. Devices for testing SME springs under (a) constant
and (b) variable shape recovery counteraction: (/) spring
to be tested, (2) spring elongation scale, (3) loads, and
(4) rubber bundles.

stress T—shear strain 'y coordinates and the tempera-
ture dependences of the following mechanical charac-
teristics: conventional yield strength T, ; (not related to
slip, but is the phase yield strength) and critical stress

12;3 and strain y(c)f at which an unrecoverable strain of
0.3% accumulates in the material [21].

Conventional tangential stresses T and shear strains
Y appearing on the outer surface of the wire samples
during torsion were estimated according to GOST
3565—80 by the formulas

r=%, ()
d
y=(;—l, )

where M., is the torque, @ is the angle of torsion, d is
the diameter of the wire sample, and / is the gage
length of the sample (70 mm).

The thermomechanical behavior of the springs act-
ing as the actuator of an actuator mock-up was also
investigated. The springs were formed by winding a
wire on a cylindrical tooling at a temperature of 21 *
1°C and subsequent thermal fixation in a constrained
state at 550°C for 1 h. Hooks were formed at the ends
of the springs upon heating by a gas burner to 550—
600°C.

The wire samples and springs were vacuum
annealed at 700°C and then subjected to aging at
470°C for 1 h. As a result of this treatment, the tem-

peratures of the onset (4;) and end (Asf ) of the shape
recovery of the wire samples and springs deformed by
bending or tension by 2—2.5% (according to ASTM
F2082/F2082M [24]), respectively, and heated in a

free-standing state in a water thermostat were A, =
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38 + 3°C and ASf =45 + 2°C. According to X-ray dif-
fraction studies, the alloy structure at 20°C was repre-
sented by the B2 phase with a small number of B19'
martensite plates and Ti,Ni and Ti;Ni, intermetallic
particles. Finishing treatment included the removal of
oxidized layers and polishing of the surface using
ceramic and polymer materials.

The actuator mock-ups were tested according to
the following two schemes: at constant counteraction
to shape recovery, when a load of various weights was
attached to a vertically suspended spring (Fig. 1a), and
at variable counteraction, for which various numbers
of rubber bundles used as an elastic counterbody were
attached to the spring; then, a spring—counterbody
pair was attached inside a rigid rectangular frame
(Fig. 1b). Both the number of bundles with known
stiffness and the initial (before connection) distance
between the spring and the bundles were varied. The
springs were heated by a hot air flow. The temperature
was controlled with a chromel—copel thermocouple.

During heating and cooling, the change in the
spring length AL was detected to calculate the strain of
the material at temperatures of 20 (7y,,) and 100°C (y,).
In addition, we determined the unrecoverable strain
Y. after heating to 100°C in a free-standing state and
the reversible strain v,., as the difference between 7y
and vy,. Testing of the springs was stopped after the
appearance of an unrecoverable strain in them.

Conventional tangential stresses T and shear strains
v that appear on the outer surface of the springs during
tests were estimated using the formulas [5, 25]

1= 8PD(4C -1 +0.615

- s (3
nd’ \4C -4 C )
y="208, (4)

where P is the external tensile load, D is the average
spring coil diameter, d is the diameter of the wire from
which the spring is made, C = D/d is the spring index,
AL is the elongation of the spring, and # is the number
of working spring coils.

The specific energy of the actuator (a) was calcu-
lated as the ratio of the work performed by it (A4) to the
spring volume (V), a = A/V, using the load displace-
ment or the elongation of the rubber bundles during
heating from 20 to 100°C.

3. RESULTS

3.1. Thermomechanical Behavior
of Ti—55.8Ni Alloy

The thermomechanical behavior of a Ti—55.8 Ni
alloy should be considered at various temperatures to
correctly analyze the operability of SME actuators
(Fig. 2). At 20°C, the material is characterized by a low
yield strength (t,; = 80 MPa) corresponding to the
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Fig. 2. Stress—strain curves for torsion tests of Ti—55.8Ni
alloy wire samples at a temperature of (7) 20, (2) 60, (3) 80,
and (4) 100°C.

stresses of formation or twinning/detwinning of mar-
tensite followed by an extended section with insignifi-
cant strain resistance in the T—y diagram. At strain 'y >
6—7%, stress T grows intensely. If the loading process
stops on the flat section of the stress—strain diagram,
a slight strain of 0.5—1.5% is eliminated after unload-
ing, and the residual strain disappears completely
upon heating above the temperature of the end of the
reverse martensitic transformation (4¢). When the total
strain of the material (10%) is reached, a strain not
recovered upon heating (y,, = 0.2—0.3%) appears; it
increases intensely with further loading.

Thus, the total strain (y = 10%) and the corre-
sponding stress T = 350 MPa are critical for the alloy

in the martensitic state. It should be noted that 1:2;3 =
350 MPa is lower than the stresses at which the “sec-
ond yield strength” of the alloy, namely, intense slip in
martensite, is observed.

When the test temperature increases, the martensi-
tic shear stresses increase; at temperatures above the
temperature of the end of the reverse martensitic
transformation A, the martensitic strain accumulated
upon loading is eliminated upon unloading due to the
superelasticity of the material (see Fig. 2; curves 2, 3).
When the critical stresses and strains are reached in
the samples exhibiting superelastic behavior, unrecov-
erable strain caused by slip in the material also accu-
mulates. For the alloy in the austenitic state, we

detected 7.7 = 430 MPa and v’ = 2.5% at t = 100°C.

The critical stresses and strains of the material
depend on the ratio of the test temperature 7 and to the
temperatures of the reverse martensitic transformation
A, and A; (Fig. 3). At > Ay, the critical strain decreases
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Fig. 3. Temperature dependences of the yield strength

(Tg.3), critical stress (1:2;3), and critical strain (y(c)'rs) of Ti—
55.8Ni alloy.

significantly. When the temperature increases, 12;3
approaches the critical value and the mechanical
behavior of the alloy becomes similar to the behavior
of structural materials because of the gradual loss of
superelastic properties (see Fig. 2, curve 4).

The found features of the thermomechanical
behavior of the Ti—55.8Ni alloy were taken into
account to conduct experiments on thermal cycling of
the springs under constant and variable counteraction.

3.2. Operability of Springs
under Constant Shape Recovery Counteraction

In the experiments, springs with d = 1.3 mm, D =
7.2 mm, and n = 22 were used. A load was suspended
from a spring mounted on a bracket, and its weight was
increased after each heating (up to 100°C) and cooling
(up to 20°C) cycle.

When the constant counteraction stress T increases,
strains Yy and Yy, change (Fig. 4) similarly to the
change established during torsion tests of the straight
wire alloy samples (at the corresponding tempera-
tures), and the reversible strain increases until slip
processes begin to develop intensely in the spring
material. At higher T stresses exceeding the critical

stress of the material in the martensitic state (T; )y,
unrecoverable strain 7,, appears and the growth of
reversible strain ¥, slows down. v, reaches a maxi-
mum at the stresses T corresponding to the critical

stresses in the austenitic state (TS;B)A. A further
increase in T leads to a decrease in v,., and an intense
accumulation of v,. The higher critical strains

(V2 =10.5%, (12)o = 3%)) than those of the tor-
sion-tested wire samples and the lower critical stresses
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Fig. 4. Influence of the level of constant stresses (T) that
counteract shape recovery on strain () Ypg, (2) Ya, (3) Yreys
and (4) 7y, upon heating from 20 to 100°C.

((t27)y = 300 MPa, (1), = 400 MPa) detected
during tests of the springs are caused by the additional
strain of the spring hooks, which was not taken into
account on calculating these quantities.

As the test results showed, the maximum specific
energy of the spring is a,,,, = 12.0 MJ/m?3 under the
conditions favorable for repeated operation of the
actuator, when the condition 7y, < 0.3% is met during
thermal cycling. For single actuators, it is advisable to
determine a,,,, at the maximum value ¥,.,, when the
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unrecovered strain is 7y, > 0.3%. In this case, the spe-
cific energy of the spring material reaches 16.4 MJ/m?.

3.3 Operability of Springs
under Variable Shape Recovery Counteraction

To test the actuator elements under variable coun-
teraction conditions, we used springs withd = 1.3 mm,
D =92 mm, and » = 5, which were connected in a
tensioned state with rubber bundles inside a rigid
metal frame. In this case, an important characteristic
of the actuator is the initial distance AL;,; between an
SME spring and an elastic counterbody, which are in
an undeformed state before being connected to form
an actuator. Using bundles of different lengths, we
changed AL, it was 87 or 135 mm. The rubber bun-
dles were previously subjected to tensile tests to deter-
mine their stiffness. As a result, we were able to deter-
mine the forces P that appear during by the interaction
of the spring and the counteracting elements at the
boundary thermal cycling temperatures (20 and
100°C) using the elongation of the bundles.

The tests (Fig. 5) showed that, when the counter-
body counteraction stiffness is varied (by changing the
number of bundles), force P and spring elongation AL
at temperatures of 20 and 100°C are described by
curves, which are similar to the t—y dependences
obtained during torsion of the wire samples (see
Fig. 2) and are independent of initial distance AL,,;.
The reversible elongation of the spring increases with
the counterbody stiffness K, and distance AL;,. The
maximum reversible elongation detected in experi-
ments at a counterbody counteraction stiffness of
0.48 N/mm and AL,,; = 135 mm was 65 mm, which
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Fig. 5. Influence of the counterbody counteraction stiffness on the operating forces and elongation of a Ti—55.8Ni alloy spring at

(squares) 20 and (circles) 100°C at an initial counterbody—spring distance AL;,

= (open symbols) 87 and (solid symbols)

135 mm. The numerals in circles indicate the counteraction stiffness: (/) 0.06, (2) 0 12, (3) 0.24, (4) 0.36, and (5) 0.48 N/mm.
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Fig. 6. Influence of counterbody counteraction stiffness K
and initial distance AL;,; on the specific work a performed
by the spring material of a Ti—55.8Ni alloy actuator under
variable counteraction: AL;; = (/) 87 and (2) 135 mm.

corresponds to Y,., = 6.4%. This is smaller than this
quantity (10.5%) obtained in the constant counterac-
tion experiments.

The specific energy performed by the spring
depends on the counterbody stiffness K and the initial
distance AL,,; (Fig. 6). The larger the value of K, the
higher the developed forces. When AL, increases, the
reversible elongation of the spring induced by tem-
perature changes also increases. Both factors increase
the work performed by the spring. The maximum spe-
cific energy achieved in experiments was 10.1 MJ/m3
(see Fig. 6).

It should be noted that, as stresses and strains
increase, the unrecoverable strain would accumulate
in the spring material when their critical values are
reached, which should lead to a gradual decrease in
the efficiency of the actuator. In this case, the specific
energy should reach its maximum and then inevitably
decrease. This behavior was not observed in our stud-
ies, which is likely to be related to the insufficiently
high stiffness of the rubber bundles (0.06—
0.48 N/mm) and to AL;,; (87 and 135 mm).

4. DISCUSSION

To find the relationship between the performance
characteristics of the actuator and the properties of the
SME material, we consider the scheme of its operation
under constant counteraction conditions (Fig. 7a). We
set an arbitrary stress level in the material T caused by
weight P suspended from the spring. At a low tempera-
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Fig. 7. Stress t—strain Y curves of titanium nickelide
springs at a temperature of 20 and 100°C and the scheme
of spring actuator operation under (a) constant and
(b) variable counteraction.

ture, the spring material is in the martensitic state and
is deformed to point B. The equilibrium of the spring
at a high temperature (austenitic state of the alloy)
corresponds to point C. The SME-induced specific
energy of the spring is

L PAL-AL) _ 1
Vv 2%k
0.615

(Y™ = Ya)> (5

4C -1

where k = is the correction coefficient

+

4C -4 C
(see Eq. (3)) and vy and 7y, are the strain of the mate-
rial under the action of stress T in the martensitic
(point B) and austenitic (point C) states, respectively.

To calculate the maximum possible work per-
formed by the spring in the martensitic state and cor-
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responding to the maximum permissible strain

((ygf) m) and stress ((1:2;3)M), we use the expression

= cr Ml: YCr _YAD:|

6

ﬁ:)ﬁ( ), - ©
2k oM G

where y,p is the strain of the spring upon heating to
the austenitic state (at point D) and G, is the shear
modulus of the alloy in the austenitic state.

It should be noted that the operability of multiple-
acting actuators should be limited to critical stress

(”cgf)M, since an unrecoverable strain begins to accu-
mulate in the material when it is exceeded, which
would lead to the loss of the initial shape of the spring
element. For single-acting actuators, this limitation is
not so fundamental. For them, a higher stress level can
be applied, which provides an increase in the specific
shape recovery energy due to incomplete return to the
initial shape.

Since G = 30 GPa for the alloy under study and k =
1.2 for the springs, the maximum specific energy at
constant shape recovery counteraction calculated by
Eq. (6) can reach 12.8 MJ/m?, which is close to the
value experimentally obtained in the work
(12.0 MJ/m?). The slight discrepancy can be due to
the fact that the conventional stresses used in the cal-
culation are slightly higher than the true stresses acting
in the outer layers of the wire. It should also be noted
that the theoretical calculation of the maximum
energy of the spring does not take into account the
contribution of its hooks to the total strain.

The situation for variable counteraction actuators
(connection of an SME spring with a steel counter
spring or rubber bundles) is more complicated, since it
is necessary to take into account the stiffness of the
counteracting counterbody K, and the preliminary
distance AL;,; between the SME spring and the coun-
terbody before their connection. For this purpose, it is
necessary to lay off initial distance AL;,; in the stress—
strain diagram to the right (Fig. 7b) and to plot a
straight line from this distance toward its decrease at
the slope corresponding to the stiffness of the spring
K,. The system of an SME spring and a counter spring
is in equilibrium at point Fat a low temperature and at
point £ at a high temperature. In this case, it is advis-
able to replace parameters K; and AL;,; with equivalent
characteristics describing the corresponding stress—
strain state of the SME spring. In this case, the stiff-
ness of the counter spring, which can be determined as
K, = (Py— Py)/( ALy — AL},), is characterized by the
conventional modulus of counteraction G, = (T, —
Tm)/(Ym — Ya) and the initial distance between the
springs AL;; is characterized by initial strain 7;,;.
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The specific work performed by the spring is

_ (B + B)(ALe — ALg)
(Ty +7T )2V @
= M2 (Y — Ya)-

4k
The maximum specific energy of the spring can be
reached when the counteracting spring provides the
stresses closest to the critical ones at low and high tem-
peratures. Such conditions are met at

s = , (8)

(v = (V)

0.3

0.3 (Tcr )A
= Jrer JA 9
Yoi = (1) 5 + c 9)

Then, we have
0.3

O = () + (o M[ Y - (20, 0

For springs made of a Ti—55.8Ni alloy, the maxi-
mum possible specific energy under variable shape
recovery counteraction, which is calculated by
Eq. (10), can reach 11.7 MJ/m?, which is somewhat
lower than that under constant counteraction
(12.8 MJ/m?®). This result also agrees well with the
experiment, in which the condition of achieving a,,,
under variable counteraction was not met and the
detected maximum specific energy was 10.1 MJ/m?.

5. CONCLUSIONS

An analysis of the thermomechanical behavior of
SME spring actuators showed that their operability is
determined by both geometric design parameters
(spring coil diameter D, wire diameter d, spring index
C = D/d, the number of working turns of a spring »)
and the critical stresses and strains of the material in
martensitic and austenitic states. This fact should be
taken into account for designing actuators. It is espe-
cially important that, according to [21, 22], these crit-
ical characteristics of titanium nickelide-based alloys
depend on both the chemical composition of an alloy
and its structure, which forms during the production
of semi-finished products and their treatment.

The formulas proposed in this work are intended to
estimate the maximum possible specific shape recov-
ery energy of SME actuators under constant and vari-
able counteraction conditions with allowance for the
properties of the material. These formulas allow us to
choose the design of spring actuators and the most
efficient technology for their treatment, which ensures
the optimum structure of the material with the highest
critical stresses and strains. The results of testing
springs made of a titanium nickelide—based alloy con-
firmed the possibility of using these formulas for cal-
culating the specific energy of actuators.
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