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ABSTRACT

Releasing and deployment maneuvers carried out during space satellites launching are usually performed by
utilizing pyrotechnics loads. However, it is considered convenient to replace this technique by others not
requiring explosives (Non Explosive Actuators-NEA). This is mainly due to the necessity of reducing high-
shock and vibrations induced levels, also avoiding the contamination of sensible instruments because of dust
and gas release during explosion. In addition, the avoidance of risks associated with storage and manipulation
of explosives and the possibility of performing device retesting prior to final mounting are desirable qualities.
Among NEA devices, those exploiting the singular mechanical behavior of Shape Memory Alloys (SMA)
have reached commercial maturity. In this study, the performance of a NEA device that uses the mechanical
stress generated upon reverse transformation of a mechanically constrained SMA actuator (constrained
recovery effect) to generate the controlled fracture of a notched bolt is analyzed. Firstly, the mechanical
components of the system are described, and the main problems associated with its design are introduced.
Then, the results of the experimental characterization performed on a NiTi SMA cylindrical tube actuator
with 12.7 and 7.8 mm outer and inner diameter respectively, are presented. After an activation stage in which
the cylinder is compressed to induce the martensitic phase (or re-orient the existing martensitic phase), the
temperature is raised while a constant displacement condition is imposed. For temperatures near 120 °C, a
loads increment of 35 KN (440 MPa) is obtained. The repetition of this loading-unloading-heating-cooling
cycle does not generate any important deterioration in the material response.
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1. INTRODUCTION

Deployment and releasing maneuvers in satellites launching were typically carried out by pyrotechnic loads
remotely activated through the fracture of an union element. This method, though broadly adopted due its
simplicity and rapid response, presents serious drawbacks mainly associated with the high shock levels
induced after the explosion, responsible of failure in many spatial missions in the past [1]. Other drawbacks
are associated with the high safety levels involved in the handling and storage of pyrotechnic materials, and
the impossibility of performing preliminary tests on land. Therefore, during the last two decades, spatial
agencies have promoted research efforts with the aim to develop systems based upon the so called non
explosive actuator (NEA) [2,3]. Several technologies are currently available. Basically a NEA device consists
of a union element, a fixing system and an actuator mechanism which is in general a piece made of a material
which changes a property upon the application of heat provided by an electric current. It may be melted or
expanded. Among the actuators materials, the shape memory alloys (SMA) occupies a relevant role and
several designs have included them due to their efficient use, elevated load/weight and stroke/weight ratios
and reproducibility in the actuation function [4]. There are several designs of separation nuts triggered by
SMA wires and springs, as the Low Force Nut (LFN) and Two Stage Nuts (TSN) developed by Locked
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Martins. The improved design KQWNut, developed by Starsys Research Corporation, includes a ball bearing
system which eliminates internal friction. A detailed description of these NEA devices can be found in ref.
[4]. Another conceptual design of NEA corresponds to the Frangibolt system commercialized by TINI
aerospace [5]. This design exploits the expansion of a SMA actuator to produce the fracture of an element
producing the release, it is reusable and it is cheaper than separation nuts. Lower shock levels are reported
and its preparation and reset result much simpler. As a drawback, it requires higher power and the response
time are appreciably longer (20-50s). There is still a simpler approach adopted by Buban et al: they presented
a design where a NiTi based SMA actuator produces its own fracture [6].

Releasing devices are engineered products of high added value, and although nowadays they are
commercially available, the development of own designs is judged as a strategic aspect supporting the
incipient Argentinean aerospace industry. This work is framed in a current line whose objective is the
development of releasing systems based upon SMA. In this case, a device inspired in the Frangibolt design
was adopted for its study, utilizing a NiTi SMA actuator as the kernel element. In the following sections, the
SMAs behavior exploited in this kind of applications and their working principle of the studied system are
described. Then, results of an experimental characterization of the NiTi alloy utilized for the actuator are
reported and discussed. Experiments included the measurement of load and displacement levels attainable by
the actuators, as their behavior stability and reproducibility upon repetition of operative cycles.

2. DESCRIPTION OF THE STUDIED SYSTEM

The functioning of the studied device is described in this section. Firstly, a brief introduction to SMA
behavior is presented and then the studied device itself with its components is introduced.

2.1 Thermomechanical behavior of shape memory alloys

The particular behavior of shape memory alloys relies on the existence of a reversible martensitic
transformation which can be induced by following either thermal or mechanical loading paths. Figs. 1a, 1 b
and 1 ¢ summarize the trajectories, denoted with green letters, associated with the forward and reverse
transformation involved in the behaviors by which SMA can be technologically exploited [7]. Forward
transformation (austenite to martensite) is characterized by its start and final temperatures Mg and Mg,
respectively, while A5 and Ar correspond to the reverse (martensite to austenite) start and final temperature.



(@her | GLUCKSBERG, A.; SOUL, H.; YAWNY, A. revista Matéria, v. 23, n. 2, 2018.

o |
a)
C
, One - Way and Two - Way
f Shape Memory Effects
< o A
B D 71, b
MS G A V Me )
J As
T F E "
T &
Superelastic Effect
0)

o} .- *=~ Constantstrain plane

Stress development upon Con-
strained Recovery

]
1
J
]
|
|
]
1
J
!

1

|
|
1
)

£

el ]D T,

Figure 1: Thermomechanical behaviour of SMAs: Particular trajectories of SMAs on the o-&-T space

Referring to Fig. 1a, the alloy can be transformed to a fully martenstic phase when it is cooled from
its austenitic phase - point A at temperature T, up to point B at temperature T, below Mg (martensitic finish).
Then, by applying a mechanical load up to point C an apparently irreversible strain arises upon unloading,
point D, as it occurs with plastic yielding in convectional metals. But, when it is heated above a temperature
As (austenitic start) reverse transformation initiates and strains are recovered. Above a temperature Ar
transformation is completed (point F). This cycle ABCDEFA constitutes the so called one-way shape
memory effect. The applications concerning this effect are related to the capacity of a piece to recover its
original shape after damage involving inelastic deformation. By means of special training procedures it is
possible for the material to “remember” not only the austenitic phase shape, but also another prescribed shape
for martensitic phase. Now, it is possible to switch between them by changing the temperatures trough the
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cycle as depicted by the cyclic trajectory AGHDEFA. This effect, known as the two-way shape memory
effect is on the basis of the uses of SMA as thermal actuators [8, 9]. Fig. 1 b explains the superelastic effect,
which arises when transformation to martensite is induced by mechanical loading from point A (temperature
above Ag). When a critical stress is reached in point J the material starts to transform, being strained with a
much lower stiffness until transformation is completed in point K. Reverse transformation has place during
unloading, when another critical stress (lower than the prior) is reached at point M. Reverse transformation
continues also with a low modulus up to point N, from which elastic unloading continues. SMAs following a
superelastic cycle as AJKMNA exhibit high recoverable maximum strains (up to 8%). This capacity provides
superelastic slender elements of extraordinary kink resistance capacity [10]. Biocompatible SMAs, as the
NiTi based group find an extensive use in medical applications as stents, catheters and orthodontics devices
[11, 12]. A novel application has been recently proposed for NiTi superelastic wires. In this case, the reverse
transformation load, exerted along an extended displacement range is utilized for the correction of osseous
malformations [13, 14]. Non medical applications are related with vibration control of mechanical structures
due the dissipative capacity associated with the o- ¢ hysteresis [15,16]. A last particular behavior, described in
Fig 1.c, takes place when a constraint is applied avoiding the austenitic shape of the alloy to be freely
recovered upon heating, for example at point P. The alloy reacts generating a load against the constraint. If
heating is performed at constant strain, the state of the alloy at temperature T; corresponds to point Q. The
stress generated upon constrained recovery is the consequence of the linear dependency of the transformation
stresses with temperature due the Clasius - Clapeyron relationship [17]. The capacity of load generation upon
constrained recovery was proposed for several applications. In SMA mechanic seals [18], the load generated
upon the recovery a hollow cylinder constrained in the radial direction is exploited to set strong coupling in
piping systems. Bars and cables of NiTi SMAs have been studied for the compensation of the thermal
stresses variation generated upon temperature changes in structures stabilized by metallic tendons [19, 20]. In
the following sections it is explained how this thermomechanical trajectory of SMAs can be exploited in
releasing systems.

2.2 Releasing system with SMA actuator

For the sake of clarity, a description of the thermomechanical path followed by a SMA utilized as a load
actuator was repeated separately in Fig. 2 a. The material states are indicated with the same letters than in
Fig. 1. Figs. 2 b-d depicts the arrangement of the device here studied. The actuator, in this case a thick walled
cylinder, must be initially at temperature below As. In this situation the material can be in fully austenitic
phase, fully martensitic phase or partial austenitic/martensitic phase, depending upon the previous history.
Then, it is uniaxially compressed in order to induce fully martenstic phase by stress up to point C, or to re —
orient the already existing martensite.

When load is relaxed, the actuator remains strained at point D. The displacement associated with this
stress-free strain is referred as the actuator stroke. This procedure, previous to the assembly mounting is
referred as the actuator activation. Now the actuator is introduced as a part of the mechanical assembly as
depicted in Fig. 2 c. When deployment is required, the actuator is heated by means of the electric heater, and
the load of the mechanical assembly raises (point Q) up to produce the fracture of a union element (Fig. 2 c).
It is worth to remark that the constraint imposed to the actuator presents a finite stiffness, and a real path
would look like point P to point Q. Excessive flexibility of the elements composing the assembly could
cause the actuator stroke capacity to be exhausted and fail in fracturing the bolt. Therefore, the success
operation depends not only on the load capacity of the actuator but also on the total displacement required for
the bolt to be fractured. The threaded bolt utilized as the union element has a circular notch mechanized in
order to limit its ductility by promoting a triaxial stress state upon loading. Nuts and washers must have high
stiffness and hardness for stroke capacity saving. Regarding the SMA actuator, it is required that A to be
above ambient temperature in such a way that activation and assembly mounting can be performed without
cooling requirements.
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Figure 2: Functioning principle of the SMA actuator. a) path corresponding to the activation procedure, for which the
SMA actuator is transformed to martensite with the associated displacement stroke by uniaxial compression b) SMA
actuator activation, compressed by the load L. ¢) Mechanical assembly with the SMA actuator. d) The assembly de-
ployed once the bolt was fractured by the SMA actuator.

3. MATERIALS, METHODS AND EQUIPMENTS

SMA Actuators were extracted from a NiTi hollow bar of composition 50.8 % Ni at, with 12.7 mm (80 mm?
of section) and 7.9 mm of external and inner diameters respectively. The bar was received in a cold worked
condition (HRC = 60). Specimens of 20 mm length were cut for the actuators with a diamond disc. Nuts and
washers were specially mechanized with AISI 1040 steel and surface hardened by carburizing. The electrical
heaters were made with manganina cable of diameter 0.25 mm and a resistance of 48 uQ/cm covered by a
glass fiber vain. Total resistances were 10 and 15 ohms depending upon length. Characterization and
activation of the actuators were performed in a universal servo-hydraulic machine MTS 810, with a cell load
MTS with capacity of 100 kN. Measurement of load in the assembly once mounted was performed by an
annular load cell Futek LTH 350 with 9 kN of capacity.

Temperatures were measured by a type K thermocouple. Electrical current for actuator heating was
provided by a home made DC unit of 30 V and 5 A of maximum capacity. NiTi specimens were subjected to
several annealing treatments in order to achieve a behavior compatible with the application in conventional
electric furnaces. In Fig 3 a there was included images of the NiTi bar as received. Fig 3 b is an image of two
of the utilized actuators, and Fig 3 c illustrates the experimental setup for the compression tests of the
actuator, with the coiled heater and a thermocouple adhered.
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Figure 3: NiTi SMA utilized for the fabrication of the actuators. a) Bar in its received condition. b) Two NiTi hubs sub-
jected to different thermal treatments. ¢) NiTi hub with the coiled electric heater ready for a compression test for the acti-
vation procedure in the MTS 810 machine.

4. RESULTS AND DISCUSSION

Unless other values are explicitly mentioned, compression tests were done by controlling displacement at a
velocity of 0.1 mm/min at room temperature of 22 °C. Temperature of the actuators was registered by
sticking a K type thermocouple on the NiTi nucleus.

4.1 Activation procedures and constrained response for hubs with different heat treatments

Heat treatments are carried out to SMA with several aims. Firstly, the phase presenting the transformation
must be stabilized. But also, in the case of NiTi SMAs, annealing treatments are needed for improving the
poor mechanical properties. Basically, this is achieved by recovery of cold worked microstructure and the
precipitation of Ni,Tiz particles [21]. Therefore, precipitate volume fraction depletes matrix from Ni content.

This has consequences on the transformation temperatures values, since they drop sharply with Ni
content around 50 % at. As long as annealing duration and temperatures are increased it is expected that Ni
content in the matrix to diminish and therefore, transformation temperatures to be increased (or
transformation stresses to be decreased). While the effect of annealing parameters on the recovery response
of constrained NiTi wires has been widely investigated (see e. g. ref. [22, 23]), there are no systematic
studies for other actuators geometries. Figs. 4 include the load - displacement curves obtained from the
activation procedure performed to the NiTi actuators subjected to different thermal treatments. Fig. 4a
corresponds to the material in its received condition. It was compressed up to near 80 kN and no evidence of
martenstic transformation was observed. Inelastic deformation is associated with plastic strains shared
between the material and the compression plates.

The first heat treatment tested was a 30 min-450°C annealing, being obtained the curve of Fig. 4 b. It
can be observed that reverse transformation initiates around 12200 N and a superelastic cycle is almost
completed upon unloading. This means that A; is nearly above room temperature, just a few martensite
fraction remains at the end, and small stroke and load capacity are expected. The second tested heat treatment
was set in 60 min-450 °C, resulting in the curve of Fig. 4 ¢. In comparison with the prior test, stress levels
were reduced and a stroke around 0.4 mm was obtained upon unloading. Then, the actuator was heated up to
90 °C keeping displacement fix (the corresponding curve is included in the Figure), and the load rose up to
21287 N, high enough to overcome the strength of a M6 threaded bolt with 1200 MPa of UTS.

Further heat treatments were performed at 500 °C for times of 10 and 120 min. Fig. 4 d and 4 e
correspond to their activation procedure. No important improvements were registered from these tests respect
to those treated at 450 °C. Finally, the actuator previously treated with 450 °C-60 min was annealed again
with 500 °C-120 min being obtained the curve of Fig. 4 f. The highest stroke (0.5 mm) was reached for this
condition. Following the activation procedure, several compression (in dashed lines) cycles were performed
without modifying the martensite content. Then, the actuator was heated up to 90 °C under fixed
displacement, being generated 29700 N, even higher than the maximum load required for the activation.
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Figure 4: Load - Displacement curves corresponding to the activation procedure of NiTi actuators with different heat
treatments. Fig 4 c and 4 f includes also the curve associated with the load generation upon constrained heating.

4.2 Dependence of the maximum load level with initial condition

Load values reached upon constrained heating showed in Figs. 4 ¢ and 4 f were obtained by fixing the
displacement at the maximum stroke capacity of the actuators once activation finished. This state can be
roughly assigned to a fully martensitic state. But as it is discussed in Fig 2 a, due finite stiffness of the
assembly, some stroke capacity would be “consumed” upon load actuation. Therefore, it is worth to measure
the load capacity reached for different stroke positions. With this aim, an experiment with a 40 mm length
actuator with a heat treatment of 500° C — 120min was performed. It consisted on an activation procedure
followed by an unconstrained heating for which the stroke is recovered (path DHEFA in Fig.1).

Once a predefined position is reached, a fix displacement condition is imposed, while heating
continues up to 110 °C. With this method, the loads developed for six different initial positions (indicated as
stroke percentages) have been measured. As it can be observed in Fig 5 a, the maximum attainable loads
seem to be roughly determined by the initial stiffness line prolongation (see ref [24] for an explanation).
Curves of Fig. 5 b correspond to a load - temperature representation of the results. As it is schematized with
the dashed line in the Fig. 5 b, each one of these curves can be roughly described by three segments. A first
segment for which the actuator is heated up to reverse transformation initiates.

The load slope corresponds to the one given by the constrained thermal expansion of the actuator and
the plates. Then, a higher load slope indicates the occurrence of the reverse transformation under a
constrained condition. Finally, a third segment arises once transformation finishes and, again, the load
increase is related to thermal expansion. This description agrees well with the curves corresponding to 40, 60
and 80 % of stroke. It is worth to point that the characteristics of the response under constrained recovery
may differ from the here explained depending on the SMA element geometry or on the effective stiffness of
the SMA + constrains system. For example, when pre-strained SMA wires are utilized for compensating
stress changes due inter seasonal temperature changes on structures stabilized by metallic tendons [20] the
load - temperature slope along the non transforming segments is negative.
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Figure 5: Load levels developed during heating by constraining actuator at different stroke positions: a)
Load - Displacement representation of the measurements. b) Loads developed as function of the temperature measured by
a thermocouple adhered in the actuator external surface.

4.3 Stability and reproducibility of SMA behavior upon operative cycling

One of the requirements for the releasing devices is the reproducibility of their operative cycle. That means
actuators needs to be activated and then the required loads to be generated at least a determined number of
times. This characteristic allows testing devices before satellite launching. Therefore, the stability in the
material behavior upon the cycle repetition results an important aspect to be verified experimentally. It is
known that SMA can show important behavior deterioration upon mechanical or thermal cycling, which is
known as functional fatigue [25, 26]. With the aim of evaluating cyclic behavior of the SMA actuator, several
experiments were carried out. Fig. 6 a corresponds to five consecutive activation procedures performed with
a 20 mm length actuator. Once activation has finished, displacements were recovered upon heating. There are
practically no changes in the load - displacement curves for the five cycles. This contrasts with the functional
fatigue registered by tension cycling of superelastic NiTi wires, for which a remarkable drop in
transformation stresses arises during the first hundred of cycles. In other experiment, depicted in Fig. 6 b, the
activation followed by heating with constrained displacement, and posterior cooling up to ambient
temperature was repeated four times for the same actuator. Obtained cycles show that the load - displacement
curves are shifted to the right upon cycling. This resembles the ratcheting phenomena in low cycle fatigue
and indicates that some irreversible deformation accumulates upon cycling. Despite this evolution, load
levels reached during constrained heating after activations keep above 30 kN, i. e. no deterioration on load
capacity was registered upon cycling.
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Figure 6: SMA actuator behavior upon operative cycling. a) Repetition of five consecutive activation procedures. b)
Repetition of four consecutive activation + constrained heating cycles.
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4.4 High speed loading during activation procedure

Up to this point, experiments were performed at a displacement velocity of 0.1 mm/min. A complete
activation procedure with an actuator of 20 mm length requires around 15 min. This velocity was selected in
order to achieve near quasi static experimental conditions. But such a time demanding procedure could turn
impractical its implementation. Therefore, an activation procedure with loading and unloading displacement
rates of 10 mm/min was also considered. This velocity turn conditions more similar to those arising with the
use of a conventional hydraulic press. A 20 mm length actuator was compressed at 10 mm/min up to a load
magnitude of 30 kN. This load level was hold during 120 s. As it can be observed in Fig. 7, during this
holding period the displacement increases up to an equilibrium value approximately coincident with the
reached at 0.1 mm/min. It is assumed that the SMA has reached an equilibrium state there. Then, load
relaxing was also performed at 10 mm/min, resulting in a stroke of 0.5 mm, higher than the achieved at 0.1
mm/min. Further, the actuator was heated under a constrained displacement condition reaching a load of
42.89 kN, even above the values obtained for the low velocity tests.
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Figure 7: Fast activation procedure. The activation using 10 mm/min instead of 0.1 mm/min produces a higher load level
upon constrained heating.

4.5 Release testing of SMA actuator + notched bolt assembly

Finally, an arrangement emulating the mechanical assembly to be released by the actuator was mounted and
tested with the aim to verify the feasibility of the proposed device. The image of Fig 8 a shows the
experimental set up. A steel threaded bolt M6 with a triangular notch was utilized as the union element. The
transverse section in the notch was reduced up to a 63% of the nominal area. Three reinforced washers and a
reinforced nut were introduced in the assembly. An annular load cell, with 9 kN of capacity was disposed as
shown in the photograph in order to measure the load generated by the actuator upon heating. Fig. 8 b
illustrates the evolution of the load measured with the annular load cell with the actuator temperature. An
initial pre-load of 1 kN was applied. Heat was introduced by employing an electrical power of 10 W
(10V@1A).

The load rise up to 7.3 kN around 135 °C when the heating was interrupted. By analyzing results in
Fig. 5a and 5 b, the obtained load level corresponds to a stroke displacement near 20 %, i. e., 80 % of the
stroke capacity was consumed in the deformation (elastic and inelastic) of the different components of the
assembly. This load lack reflects the importance of improving the design of the assembly, increasing the
stiffness and hardness of its components and limiting the ductility of the bolt without increasing the risk of an
uncontrolled fracture.
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Figure 8: Release testing of the SMA actuator in a mechanical assembly. a) Experimental set up. b) Developed load as a
function of the actuator temperature

Additional experiments were performed applying higher pre-load values. Due to that the load cell
maximum capacity was 9 kN, it was removed from the arrangement in these tests. Before, a calibration of the
load in the assembly and the applied adjustment torque was performed. Therefore, a torque of 10 Nm,
corresponding to a pre load between 6 and 7 kKN was applied. Then the actuator was heated again with 10 W
of electrical power, being the bolt fractured after 40 s around 80 °C. The details of this experiments and the
torque-pre load calibration can be found in ref [12]. A movie clip registering the assembly, the heating and
the bolt fracture was submitted as a supplementary material of this article.

5. CONCLUSIONS

The experimental work carried out during this first stage of the research allowed to verify the feasibility of
utilizing actuators made with SMA. In particular, actuators made from a hollow bar of NiTi SMA previously
subjected to suitable thermal treatments. It was found that with a heat treatment of 450 °C /60 min plus
500°C /120 min the actuator exhibited a suitable behavior being possible to be activated at ambient
temperature and be kept in martensitic phase. The load levels developed by the actuators in their maximum
stroke position upon constrained heating overcome 30 kN of load. A rather linear dependency of the
maximum developed load level with the stroke position was measured. In separated experiments it was
demonstrated that mechanical and thermal cycling does not affect the actuator load capacity. Additionally, it
was demonstrated that using high velocities during the activation procedures, with a pause between loading
and relaxing give place to even higher loads developed upon constrained recovery. Tests performed with the
actuator/bolt assembly allowed verify the possibility of exploiting the load generated upon constrained
recovery of the SMA actuator pushing against a finite stiffness element. Further work must include
measurement of additional variables concerning the releasing operation as the attained shock levels, actuating
temperatures and times, etc.
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