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Shape memory alloys (SMAs) are smart materi-
als that can recover high deformations by means of a
diffusionless solid-phase transformation, known as the
martensitic transformation (MT), from a crystallo-
graphically higher-symmetry parent phase (austenite)
to a lower-symmetry product phase (martensite). The
MT is generally characterized by four temperatures,
termed martensite finish (M/), martensite start (M), aus-
tenite finish (4,) and austenite start (4,). The MT can be
reversibly induced either by changing the temperature
across the transformation temperature range or by
applying a stress exceeding a critical value to the austen-
itic material at constant temperature above A4, Both
martensite and austenite coexist within the temperature
range M,<T < M; when the material is cooled down
from a T> A, and they also coexist within the range
A;<T <Ay when the material is heated up from a
T <My [1-3]. A mechanical load applied to a shape
memory metal stabilizes the martensitic structure and
leads to an increase in the transition temperatures. The
Clausius—Clapeyron law describes the behavior accu-
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rately. So far, SMAs have been generally categorized
into two distinct groups according to their thermody-
namically stable phase in the absence of load at environ-
mental temperature [1-5].

The first group includes those alloys exhibiting a mar-
tensitic phase at environmental temperature (T < M)),
such as the widely employed Ti-rich NiTi intermetallic.
These kinds of alloys exploit the so-called shape memory
effect (SME). When a stress above a critical value
(6prw) 1s applied to these materials, the deformation
proceeds via twin boundary movements. The self-
accommodated martensite structure, which is character-
ized by multiple variants, turns into the few most favor-
able ones. These variants give the largest strain under
the given stress condition and grow at the expense of
the others. The resulting structure is known as detwin-
ned martensite. Next, upon heating above 4, the mar-
tensite is completely converted to the parent phase and
the imposed strain as well as the macroscopic geometri-
cal shape are fully recovered. The SME is schematically
depicted in Figure 1 as a solid line. Finally, if the mate-
rial is cooled below M), the resulting structure consists
of a self-accommodated martensite. The SME is widely
exploited for actuators and microactuators [6-9]. In-
deed, if free recovery to the original shape is prevented
by a bias load, a recovery stress is produced which can
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Figure 1. Schematic view of the shape memory effect (SME) (thermo-
mechanical loop, solid line) and of the low-force actuator based on the
SME (thermal loop under low constant stress, dashed line).

be exploited as actuating force (Fig. 1, dashed line loop)
[1-12].

The second group, including the widely employed
Ni-rich NiTi compound, consists of pseudoelastic or
superelastic materials which show an austenitic phase
at environmental temperature (T > 4,). This kind of al-
loy exploits the so-called superelastic effect (SE). If a
SMA in the austenitic phase is loaded above a critical
stress (67sg), then MT is induced. Again, a rough linear
relationship, consistent with the Clausius—Clapeyron
law, is expected between the critical stress o;gz and
the start temperature (M) [4,5]. In this case, the driving
force of the transformation is the applied stress. The
martensite produced by this kind of crystal transforma-
tion is called stress-induced martensite (SIM). Upon
unloading, at a critical stress (6ysg < o75£), OWing to
the instability of the martensite at environmental tem-
perature, the reverse phase transformation occurs and
a hysteretic mechanical behavior is therefore exhibited
(Fig. 2, solid line loop). SE alloys are widely used in
the biomedical field, e.g. as vascular stents, and in damp-
ing applications [1-4,13-17]. Since the discovery of
SMAs, both the SE and SME have been widely studied
and considerable research on their fundamentals and
engineering aspects have been reported in the open liter-
ature [3,10,18-20].

In this work, a novel approach to exploit SMAs is
proposed. An alternative thermodynamic path, which
allows exceptionally high functional properties to be
achieved, is suggested and tested experimentally. It is re-
ported here for the first time that austenitic alloys, which
are employed as superelastic materials, can successfully
be employed as SMAs for actuators by heating/cooling
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Figure 2. Schematic view of the superelastic effect (SE) (mechanical
loop, solid line) and of the high-force actuator based on heating/
cooling of stress-induced martensite (HP SME) (thermal loop under
high constant stress, dashed line).

cycles starting from SIM. In other words, when loading
an austenitic material above a critical stress (o7 5z), SIM
is induced and the material deformation proceeds at al-
most constant stress (superelastic plateau). As the SIM
is heated above A, under constant applied force, it
shrinks back due to the stabilization of the austenite. In-
deed, since reverse MT takes place, a fully austenitic
structure is generated and the macroscopic deformation
is therefore recovered. Finally, as the material is cooled
down to the environmental temperature, a complete
SIM state is reproduced and the deformation is restored
(Fig. 2, dashed line loop). To distinguish this newly ob-
served effect based on the thermal cycling of SIM from
the conventional SME (i.e. SME based on the heating/
cooling of detwinned martensite), we referred to it as
the high-performance shape memory effect (HP-SME).

Near-equiatomic NiTi intermetallic compounds are
the most widely employed SMA systems for technolog-
ical application because of their relatively good ductility,
low cost and thermomechanical stability.

It is well known that chemical composition is a fun-
damental parameter to be considered for the design of
SMA transformation temperatures. In Ti-rich alloys,
characteristic temperatures are almost composition
independent. On the other hand, in Ni-rich alloys an in-
crease in Ni content causes a strong drop of MT charac-
teristic temperatures [1-3,21]. Conventional Ti-rich
near-equiatomic Ni-Ti wires used for actuators (such
as NiygTis;) show a fully martensitic structure at room
temperature and detwinning tensile stress level of
~100-250 MPa. Conventional SMA actuators usually
work in this stress range, as is also suggested by produc-
ers of these devices [1-12,22,23].

On the contrary, austenitic Ni-rich NiTi systems
show SIM critical stresses up to 1 GPa. Thus, using
these materials as actuators according to the proposed
scheme, their higher plateau stress level can be exploited
in order to produce very high work output.

NiyoTis; and Nisg gTigg - (at.%) were melted in a vac-
uum induction melting furnace (Balzers VSG10) in a
controlled argon atmosphere starting from pure ele-
ments [24]. The two ingots (70 x 70 x 160 mm?) were
hot forged, hot rolled and cold drawn down to the shape
of wires 80 um in diameter. The last thermal treatment
(shape setting) of NiuoTis; was performed at 400 °C
applying an axial stress, while the shape setting of
Nisg gTig9, was carried out at 530 °C. After annealing
both the wires were water quenched. The transforma-
tion temperatures of the two materials were checked
by differential scanning calorimetry (Seiko DSC220C)
at a scanning rate of 10 °C min . Ay temperatures of
65 and 5 °C were detected for martensitic NigoTis; and
austenitic Nisg gTi9 ., respectively.

The wires were quasi-statically thermomechanically
tested using a TA Instrument Q800 dynamical mechan-
ical thermal analyser equipped with tension clamp for
uniaxial tests. Martensitic NigoTis; and austenitic
Niso.gTig9.» specimens 30 mm in length were used to per-
form the tests. The martensitic wire was loaded up to
250 MPa (above the detwinning critical stress) while
austenitic wire was loaded up to 800 MPa (above the
superelastic plateau). These wires were then subjected
to a thermal cycle holding the maximum applied load



to promote the SME and HP-SME, respectively, at a
heating/cooling rate of 2 °C min~".

Fatigue tests were performed to evaluate the thermo-
mechanical cycling stability using a specifically devel-
oped experimental setup. Martensitic NigoTis; and
austenitic Nisg gTis9 » wires 100 mm in length were verti-
cally positioned and constrained in the system structure
by an upper clamp. They were axially loaded by a weight
that was fixed to a lower clamp. The clamps were con-
nected to a power source controlled by a NI Labview
program to heat the wire by a step electrical pulse (Joule
effect). This program provided a fast control mode of
wire deformation: the current was switched off when
the sample recovered a strain value of 4% to avoid over-
heating of the samples. The displacement was measured
by a linear voltage differential transducer (Macro Sen-
sors HSTA 750-125). Details of the cycling apparatus
are reported elsewhere [25,26]. Thermomechanical cy-
cling up to 6000 cycles under a constant stress of
250 MPa for NigTis; wire and of 800 MPa for
Nisg gTis9 5, was performed.

The results obtained from quasi-static thermome-
chanical tests performed on NisggTigg, thin wires are
depicted in the stress—strain—temperature diagram
shown in Figure 3a. The curve, which is the result of
four thermomechanical steps, clearly shows the func-
tioning of a HP-SME. The austenitic wire was axially
loaded at room temperature up to the superelastic pla-
teau (step AB), which was reached at the critical stress
of 700 MPa. Then, the SIM was completely induced
and the wire was loaded up to the maximum stress of
800 MPa (step BC). Subsequently, the material was
heated up to 120°C, under a constant stress of
800 MPa, as depicted in step CD of Figure 3a. In step
CD, the austenite phase is restored due to the increase
in temperature; the SIM therefore shrunk back and a
deformation of 6% was rapidly recovered as tempera-
ture reached 95 °C. An overheating up to 120 °C was
used to ensure full recovery. Finally the material was
cooled down to room temperature under a constant
stress of 800 MPa (step DC) and the deformation was
restored due to the release of SIM as the temperature de-
creases. Steps CD and DC, which correspond to the
heating/cooling cycle under constant load, could be
reversibly repeated and a cycling strain recovery of the
order of 6% at a stress value of 800 MPa was achieved.

For a direct comparison, the experimental results of
the thermomechanical SME test performed on NiggTis;

Figure 3. Thermomechanical tests performed on: (a) austenitic
NisgsTig9» (HP-SME) and (b) martensitic NigTis; (SME).

thin wire are plotted in the graph of Figure 3b using the
same axis scale as used in Figure 3a. These experimental
curves show the typical functioning of a conventional
shape memory actuator based on heating/cooling of
the detwinned martensite under a constant bias force.
Referring to Figure 3b, during step AB, the martensite
wire was axially loaded at room temperature up to
250 MPa. Holding the applied load, a heating/cooling
thermal loop (steps BC and CB) was performed between
room temperature and 170 °C.

The results of Figure 3 demonstrate that within the
same temperature range an austenitic NisggTise» alloy
can be used as an actuator at much higher working
stresses (800 MPa) with respect to those used for con-
ventional actuators based on martensitic NigoTis; alloy
(250 MPa). It is worth noting that if an axial stress of
800 MPa is applied to a martensitic Ti-rich NiTi wire,
huge plastic deformation would be induced and, often,
its ultimate tensile strength would be reached [27].
Moreover, in reference to Figure 3, the two materials
show the typical hysteresis loops in the strain—tempera-
ture plane. Direct and inverse transformations of Ni-
rich austenitic wire occur sharply with A; =88 °C,
Ar=189°C, M;=38°C and M;=34°C upon heating
and cooling, respectively. Conversely, the characteristic
temperatures of the martensitic wire under constant load
are much more broadened (M,=90°C, M,= 54°C,
Ay =189 °C and 4,= 130 °C). Again, maximun recovery
strain values of 6.2 and 5.8% and thermal hysteresis of
50 and 31 °C were measured for the NisggTisg, and
NiyoTis;, respectively.

Thus, novel high-performance shape memory actua-
tors based on the HP-SME can be designed with lower
diameters according to their critical stress for inducing
SIM. This implies further technological advantages such
as shorter actuation time, shorter restoring time, lower
amperage, lower energy consumption and overall smal-
ler dimensions. All the aforementioned properties are of
major importance in actuator design, in particular for
SMA actuators applications in consumer electronics.
However, it is also necessary to consider that wires with
smaller diameter are more difficult to crimp and fasten
to the structure.

Thermomechanical fatigue tests of wire specimens
were performed through heating with current pulses a
vertically positioned wire subjected to a constant load,
using an apparatus reported elsewhere [25,26]. As shown
in Figure 4, for both austenitic and martensitic wires,
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Figure 4. Fatigue test performed on: (a) austenitic NisgTiz» (HP-
SME); (b) martensitic NigoTis; (SME).



the minimum and maximum wire deformation values
were measured and plotted as a function of the number
of cycles (Fig. 4a,b, respectively).

Martensitic wire (Fig. 4b) accumulates irreversible
plastic deformation during all 6000 cycles (~0.8%) at
250 MPa. The fatigue behavior of austenitic wire under
800 MPa is completely different (Fig. 4a). The high
stress level leads to the accumulation of plastic deforma-
tion in the first few thermomechanical cycles (~0.4%),
then the material exhibits an excellent cyclic stability
since no further considerable irreversible deformation
is induced. The high stress likely leads to an earlier stea-
dy-state hysteresis loop (e-T): fewer thermomechanical
cycles are then needed to stabilize the functional proper-
ties. Therefore, a preliminary thermomechanical cycling
may avoid the accumulation of plastic deformation dur-
ing the working life of a device, and therefore the train-
ing procedure for stabilizing the functional properties of
materials used for prolonged applications might be
simplified.

To conclude, although austenitic SMAs have been
well known for a few decades, they have so far been
commonly used at environmental temperature as super-
elastic materials. Nevertheless, they have never been em-
ployed by exploiting their SME. In this work, an
unconventional thermodynamic path, which occurs be-
tween low-temperature SIM and high-temperature aus-
tenite, has been suggested, and has been proven to be
suitable in exploiting SE austenitic alloy to produce an
exceptionally high mechanical work. The experimental
results show that, by exploiting this novel path, strains
of the order of 6% can be reversibly recovered while a
very high bias stress is applied (800 MPa). Preliminary
fatigue tests revealed an excellent stability up to 6000 cy-
cles of the material subjected to the cooling/heating of
SIM, confirming that this thermomechanical path is
suitable for the design of high-performance shape mem-
ory actuators based on the HP-SME.

The authors would like to thanks Enrico Bassan-
1, Marco Pini and Giordano Carcano of CNR IENI
Lecco Unit for their technical assistance in NiTi
processing.
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