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Abstract

Techniques which use a spring to supply the bias force to actuator are well adopted
since they are inexpensive and simple to construct. In this work it was design an
actuator concept using bias-type device technique, which comprises two coils that
mutually push against each other to supply the stroke. For the coils springs, it was
used a wire of NiTi shape memory alloys (SMA) and a wire of 400 grade maraging
steel as construction materials.
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1 INTRODUCTION

Materials that have two (or sometimes several) crystallographic phases for which
reversible transformations from one to the other occur through diffusion-less
transformations are known as shape memory alloys (SMAs) [1]. The SMAs exhibit
two notable characteristic which are the shape memory effect (SME) and
superelasticity (SE) [2].

Due to its unique SME and SE property, the NiTi alloy represent an important class
of SMAs, being possible the use of this alloy in wide applications in engineering
designs, such as pipe couples, seismic protectors and actuators [3-7].

Techniques which use a spring to supply the bias force to actuator are well adopted
since they are inexpensive and simple to construct [6]. Many devices utilize this
principle such as gripper [8-10], thermal mixing valve, thermal protection valve [6],
micro-valves [8—-11] and endoscope [12].

In Figure 1 is sketched a typical mechanical construction of a SMA actuator which
uses a SMA spring and a Bias spring [13].
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Figure 1. General principle of a spring-based design [13].
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In this actuator (Figure 1), the stroke deformation of the SMA spring at low
temperature is caused by the bias force of the bias spring. For the high temperature
phase, the SMA spring recovers its shape (i.e., the high parent phase), and as a
consequence the SMA spring push the bias spring causing a new stroke, where A is
the total stroke.

The use of NiTi for the SMA spring is justified by applications requiring large
displacements, low strength, demand of high reliability and many times repeated
operations [6,7]. For the bias spring the use of 400 grade maraging steel is an
alternative for the conventional bias spring due to its thermomechanical processing,
high mechanical strength, weldability and toughness relationship.

Seeing the high applicability of the NiTi alloy and the 400 grade maraging steel, in
this work was designed an actuator using bias-type device technique, which
comprises two coils that mutually push against each other to supply the stroke,
where the SMA spring was made of NiTi SMA and the Bias spring was made of 400
grade maraging steel.
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2 MATERIAL AND METHODS

The NiTi alloy used in the production of SMA spring was melted in argon atmosphere
using a vacuum arc remelting furnace (VAR) and remelted for five times
subsequently, in order to homogenize the chemical composition of the alloy.

In Figure 2 (a) one can see the plates of nickel and titanium interposed each other
inside the crucible of VAR for the production of NiTi SMA. The arrangement of nickel
and titanium plates inside the crucible for melting was chosen in such a way that the
NiTi alloy would be as homogeneous as possible.

In Figure 2 (b) one can see the ingot after five remelts.

Figure 2. (a) nickel and titanium plates interposed fr melting the NiTi aIIo. (b) NiTi ingot after five
remelts.

To reduce the diameter of the ingot from approximately 16.0 mm in diameter down to
2.6 mm, the ingot was hot swaged at 850°C. Due to the range of reduction in
diameter, the hot swaging was given as follows:

a) 1st part: diameter reduction from 16.0 mm down to 9,525 mm in a rotary swag
FENN 5F — four hammers, interspersing annealing at 850°C for 15 minutes for each
swaging pass;

b) 2nd part: diameter reduction from 9.5 mm down to 2.6 mm in a rotary swag FENN
3F — two hammers, interspersing annealing at 850°C for 15 minutes for each
swaging pass.

Note that all heat treatment of this work was performed in the Heavy Duty furnace
without internal atmosphere control, and the oxide layer formed by heat treatment
was removed by grinding.

For the reduction in diameter from 2.6 mm down to 1.0 mm, the NiTi wire was cold
drawn in a 5 HP single pass bullblock wire drawing machine using a tungsten carbide
dies with 15° angle and MoS: as a lubricant. For each drawing pass the wire was
annealed at 750°C for 15 min and with 1.00 mm in diameter the wire was solution
treated at 850°C for 1 h, followed by a water quench.

A M14 screw was used to make the SMA spring, where the NiTi wire was rolled
along the screw and memorized at 450°C for 10 min in a Heavy Duty furnace,
followed by a water quench. The result was a SMA spring with 24 turns, 46 mm
length and 16 mm in diameter.

For the production of the 400 grade maraging steel ingot via VAR, the mass of 100 g
of the alloy was taken from a disc of 150 mm in diameter and 34 mm thick produced
via arc furnace with controlled atmosphere at the Instituto de Pesquisas
Tecnologicas — IPT.
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After remelted, the ingot of 400 grade maraging steel was mechanically formed in the
same way as the NiTi ingot was, but with one significant difference, there were no
heat treatment in any stage of the mechanically forming until the wire reaches 1.00
mm in diameter.

The same M14 screw was used to make the 400 grade maraging steel bias spring,
where the wire was rolled along the screw and aged at 480°C for 1 h in a Heavy Duty
furnace, followed by a water quench. The result was a 400 grade maraging steel bias
spring with 4 turns, 10 mm length and 16 mm in diameter.

A universal tensile testing machine (INSTRON 5500R) with environmental chamber
was used for mechanical testing. The SMA spring was tested at 20 mm/min
extension rate at the room temperature (25°C). After the first test, the spring was
heat to 120°C to shape recovery purpose and then performed another test at 120°C
with 20 mm/min extension rate. For the 400 grade maraging steel bias spring the
tensile test was performed at room temperature and 2%min strain rate. For both
tests, it was not possible to make a proper spring alignment in the tensile test due to
cutting of the ends of the spring. The experimental tensile test set for the SMA spring
can in the Figure 3.

Figure 3. Experimenal tensile test set for the SMA spring.

The NiTi wire had its martensitic transformation temperature (MTT) determined by
differential scanning calorimetry (Netzsch, model STA 404C DSC).

3 RESULTS AND DISCUSSION

The Table 1 shows the values of MTT and the overall chemical composition of the
NiTi wire produced.

Table 1. Chemical composition of the alloy NiTi and its MTT.

Ni Mi Mp Mf Ai Ap Af
(Yoat) (C) Q) CC) (¢ (°C (O
50,00 413 378 351 624 704 730

The In Figure 4 is possible to see the graph for the DSC experiment.
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* Figure 4. DSC analyses of the NiTi wire.

As we can see in Table 1 the NiTi alloy is equiatomic, therefore the martensic phase
at room temperature is expected. The martensitic phase at room temperature is
confirmed by the DSC analysis, where the Ms (start of temperature transformation of
direct martensitic), Mp and Mf (final temperature of the direct Martensitic
Transformation - MT) are above room temperature. Even temperatures of reverse MT
such as As (temperature at the beginning of the reversion of martensite to austenite),
Ap (peak of temperature of the reversion of martensite to austenite) and Af (final
temperature of the reversion of martensite to austenite) are above room temperature.
The tensile test for design the actuator is shown in Figure 5, which illustrate the results for
NiTi spring and the 400 grade maraging steel bias spring.

----- Low Temperature (T = 25°C)
—-—- High Temperature (T = 120 °C)
Bias Spring

-

0 10 20 30 40 50 60
Deflection (mm)
Figure 5. Load vs deflection for the tested springs.

The bias spring and the SMA spring are arranged so that they oppose each other’s
motion. Since the two springs work in opposition, the slopes of the curves have
opposite signs.

At the 120°C the springs are balanced at 18.26 mm and at the room temperature
(25°C) the springs are balanced at 20.16 mm, were the total stroke (A) installed in
this actuator is 1.9 mm (A = 20.16 mm — 18.26 mm).
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Analysis for the 400 grade maraging steel bias spring in Figure 5 shows that the
spring constant is 541.5 N.m.

The temperatures chosen for the actuator were based in the DSC analysis, ensuring
that for the temperature of 25°C the SMA spring was in the martensitic phase and to
the temperature of 120°C in the bias spring was fully in austenite phase.

4 CONCLUSION

As shown in this work, it is possible to make an actuator made by 400 grade
maraging steel bias spring which has a high mechanical strength with a NiTi SMA
spring.

Despite the fact of the total stroke for this actuator is 1.9 mm, which is small
depending on application, we can infer that is possible to enhance the total stroke by
changing the 400 grade maraging steel bias spring configuration or changing the
martensitic transformation temperature of the SMA spring.

As a consequence of changing the configuration of the actuator’s springs in order to
enhance its total stroke, by the Figure 5 is possible to note that one should correct
the parameters of the 400 grade maraging steel bias spring, since it presented a high
spring constant to the configuration of experiment.

Viable changes in the 400 grade maraging steel bias spring can be done in the wire
diameter or in the number of spring’s turns.
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