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Shape memory alloys (SMAs) are active materials able to recover large strains over several thermo-mechanical
cycles. In the actuation field, this strain recovery is principally exploited on the mini and micro scales at which
SMAs exhibit their highest power density with respect to common lightweight technologies. During the
repetitive actuation of a SMA element, certain events occur: strain drift at the beginning of cyclic testing,
the accumulation of plastic deformation, and strain stabilisation. In this study, these events as well as the overall
mechanical response of an articulated NiTi element were monitored through calorimetry and scanning electron
microscopy. Fatigue and cyclic stability were tested under different loads and under different aging conditions.
In addition, the surface morphology was continuously observed via scanning electron microscopy to monitor
crack growth and propagation during the fatigue test. Finally, before and after the fatigue test, samples were
tested through calorimetry to investigate the overall microstructural homogeneity. Results confirm the high poten-
tial of the proposed geometry for the development of NiTi non-conventional active elements in the minia-
ture actuation field.

Keywords: shape memory alloys, thermomechanical processing, fatigue, scanning electron microscopy (SEM),

differential scanning calorimetry

1. INTRODUCTION

During a thermal loop, shape memory NiTi materials revers-
ibly change their crystalline structure, and they transform
into B2 austenite at high temperature and into B19* marten-
site at low temperature according to a first-order thermoelas-
tic martensitic transformation (TMT) [1,2]. In actuation, the
martensite phase undergoes both high deformation and mac-
roscopic shape changes that are recovered during thermal
activation. The deformation of the martensite phase is usu-
ally achieved by the application of an external load able to
promote the re-orientation of martensite variants (de-twin-
ning); during detwinning, the high mobility of the martensite
variant interfaces minimises the strain energy and allows for
high deformation. The shape recovery obtained after heating
de-twinned martensite is normally used to promote mechan-
ical work, and it finds several interesting applications in the
field of actuation [3-11].

In many of these applications, the shape that is recovered
under a load is exploited to produce linear or rotational motion
over a large number of thermo-mechanical cycles. During this
training, the accumulation of non-recoverable strain, strain
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drift and strain stabilisation always occur. The magnitude of
these events depends on specific working conditions, such as
the applied load, the corresponding recovered strain, the amount
of thermal overshoot and the thermo-mechanical history of
the alloy. Under certain conditions, the plastic deformation,
the strain drift and the overall stroke stabilise after several
training cycles. This stabilisation is fundamental to actuation
and must be seriously considered during the design of a spe-
cific shape memory alloy (SMA) actuator. Furthermore, the
fatigue life is another functional property that affects the
mechanical response of an actuator [12-22]. This property is
related to the strain, the accumulated defects during the cycling
process, and the origin of structural changes such as the gen-
eration of new stable martensite phases [22]. All these structural
modifications cause changes in the transformation tempera-
tures, the thermo-mechanical hysteresis and the fatigue life
itself.

The amplitude and number of thermo-mechanical cycles
associated with a fatigue route are strictly related to several
practical factors: the quality of the alloy (i.e., the presence and
amount of defects such as titanium carbide inclusions after
melting [23] and precipitates after annealing), the geometry
of the SMA element, the shape and the orientation during
normal functioning (vertical or horizontal, [24]), the applied
load and corresponding strain, the heating source parameters
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and the environmental temperature relative to the character-
istic transformation temperature of the material. Hence, the
optimisation of the thermo-mechanical response of a SMA
actuator often derives from a balance between these practical
factors and the desired functional output.

SMAs are commonly employed as actuators in the form of
straight wires or helical springs. In previous studies [25,26],
an uncommon snake-like geometry has been proposed as a
possible alternative to the wire and spring shapes, especially
in confined spaces.

Under low loads, the strain of the snake-like element derives
and depends only on the bending-unbending movement of
the element’s curves. In fact, for an optimal working condi-
tion and to avoid uncontrolled plastic deformation, only the
curved parts of the snake-like element should work, and less
than a few tens of degrees of deformation is always recom-
mendable. Under these conditions, the bending-unbending
motion of the curves of the snake-like element during cycling
causes the corresponding fibres to continuously undergo
compression and tension. Hence, for a high number of thermo-
mechanical cycles, the curved parts are the mechanically weak-
est points of the snake-like element.

In this work, we present an experimental study on the thermo-
mechanical cyclic response of an articulated snake-like SMA
element. Fatigue and cyclic stability were tested under different
loads and under different annealing conditions. In addition,
the morphology of the surface of the element’s curves were
continuously observed via scanning electron microscopy to
monitor crack growth and propagation during the fatigue
test. Finally, calorimetry was used to test the microstructural
homogeneity of the material before and after the fatigue analy-
sis.

2. EXPERIMENTAL PROCEDURE

Several articulated SMA samples were prepared from a
cold-worked NiTi commercial wire (0.2 mm diameter). To
promote the shape memory effect, two types of hot-forming
procedures were considered, one conducted at 450 °C and
the other at 500 °C, both of them with a duration of 10 minutes,
which were followed by quenching in water at room tem-
perature. During the hot shaping, the SMA wire was formed
into the four-curve snake-like geometry described in [25] and
depicted in Fig. 1.

Calorimetry (DSC, Seiko 220C equipped with a nitrogen
cooling system) was employed to evaluate the phase trans-
formation temperatures over the range of -40 °C to 80 °C ata
heating/cooling rate of 10 °C/min. The DSC response was also
used to verify the homogeneity of the microstructure that the
alloy presented before and after the thermo-mechanical fatigue
tests.

Cyclic tests were performed under constant loads of 0.1 N
and 0.2 N, whereas the fatigue life was studied only under a
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Fig. 1. Photograph of the articulated snake-like sample (H=5.27+0.07
mm, R=0.5440.03 mm, D=0.82+0.06 mm, number of curves = 4) [24].

load of 0.1 N. During these tests, the stroke was registered
using a linear variable displacement transducer (LVDT, DC50
Solartron Metrology), and the snake-like element was heated
by the Joule effect (0.6 A for 3 s); the cooling/reset time was
set to 7 seconds.

In addition, strain recovery curves were registered for the
same sample during the fatigue analysis. For this purpose,
strain recovery curves were recorded at various pre-selected
fatigue cycles (1st, 5th, 10th, 100th, 500th, 10’th, and 10'th).
The test was executed using a standard tensile testing machine
(DMA, Q800 TA Instruments) under a constant load of 0.1
N over the temperature range of -80 °C to 150 °C at a heating/
cooling rate of 5 °C/min. At the same time, the change in the
sample surface morphology during fatigue was analysed through
scanning electron microscopy (SEM LEO 1430) observations
after 10° and 10" fatigue cycles and after fracture.

3. RESULTS AND DISCUSSION

In this work, a set of experimental investigations high-
lighted different effects of cyclic load tests on a snake-shaped
SMA element. All discussed aspects are currently under consid-
eration through numerical analysis; however, the series of
functional, calorimetric and microscopic analyses provided
information that depicts, in great detail, the effects of fatigue
on the actuator element tested.

Before carrying out cyclic tests, a NiTi snake-like sample
was analysed through DSC to evaluate the overall microstruc-
tural homogeneity of the shaped SMA wire conferred by the
hot-forming process. Within this context, particular attention
was paid to the calorimetric response of the curved and straight
parts of the snake-like element that were separately tested.
The calorimetric thermograms of these two sets of parts are
reported in Fig. 2. It can be observed that the two curves over-
lap; that is, the material microstructure is nearly homogeneous
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Fig. 2. DSC graphs of the curved (broken line) and straight (solid line)
segments of a single SMA element before the cycling test.
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throughout the entire length of the snake-like element. The
phase transformation temperatures and the transformation
enthalpy of the snake-like element before the cyclic test are
reported in Table 1.

With respect to the cyclic functional tests, it is worth not-
ing that they were mainly focused on verifying the two sta-
ble microstructures that were obtained by the two thermal
treatments described in the experimental section. To this end,
10* cyclic stability tests under loads of 0.1 N and 0.2 N were
performed; the results are reported in Fig. 3. It can be observed
that all specimens showed good cyclic stability. In fact, the
strokes stabilised within a few hundred actuation cycles for
all specimens. In particular, it can be observed that the initial
drift of the stroke of the samples treated at 500 °C stabilised
earlier than that of the samples treated at 450 °C. Furthermore,
the cyclic stability of the sample treated at 500 °C does not
appear to have depended on the applied load. In contrast, it

Table 1. Phase transformation temperatures and transformation enthalpy upon cooling and upon heating of the snake-like element before
the cycling test (R, M, and A indicate the rhombohedral, martensite and austenite phase transformation temperatures, respectively; s, p, and
f indicate the starting, peak and finishing points, respectively)

COOLING R s°C R p°C R f°C M s°C M p°C M f°C AH cooling J/g
not cycled 48.3 45.9 42.8 2.9 -1.9 -15.6 -19.6
HEATING R s°C R p°C R f°C A s°C A p°C A f°C AH heating J/g
not cycled - - - 49.4 55 60 22.5
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Fig. 3. Evolution of the absolute stroke during the 10* cycling test under loads of 0.1 N and 0.2 N for the SMA samples treated at 450 °C and

500 °C for 10 minutes and quenched in water at room temperature.



NiTi Snake Cyclic Tests 507

24 N — 11—
22| ] 180 | :
20l 1 < 160 - poem
i 1 < 140 . 4
‘é‘ 18 |- 1 g ] 4
£ 1 s 1201 austenite .~ .
= 16 4 ] ]
e : ] E 100t - 1
c 14 J S ]
= ] @ 80 ]
w T | - J
12 A e gol _ martensite ]
1 ‘a | ] . * o - . J
b 1 & 4 . 1
8 : 20 " . ]
I I . ]

6 L 1 " 1 . 1 N O k. a 1 1 1 1

0 20 40 60 80 1 10 100 1000 10000

no. cycle x 10°
Fig. 4. Fatigue of the sample treated at 500°C under a load of 0.1 N.

can be observed that the sample treated at 450 °C shows a
second marked drift of the stroke after approximately 6x10°
cycles under a load of 0.1 N. This double drift may be related
to the involvement of different regions of martensite during
the recovery process. The double drift disappeared when the
external load was increased to 0.2 N. In addition, despite its
cyclic instability, the samples treated at 450 °C presented the
most highly stabilised stroke.

Based on the cyclic test results, the focus of the fatigue
analysis was directed toward the snake-like sample that was
thermally treated at the highest temperature. Figure 4 shows
the fatigue life of a sample treated at 500 °C under a load of
0.1 N. Fracture occurred at the apex of the curve located far-
thest from the applied load at approximately the 75x10°th cycle.
During the fatigue study, the test was periodically interrupted
to produce a slow thermal hysteresis loop under the constant
0.1 N load (Fig. 5). In Figure 5, several mechanical effects of
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Fig. 5. Strain recovery curves under a load of 0.1 N for the sample treated
at 500 °C after the Ist, 5th, 10th, 100th, 500th, 10°th, 10*th fatigue cycles.

Number of cycles

Fig. 6. Plastic deformation of martensite and austenite phases of the
snake-like sample accumulated during the fatigue test.

the cyclic procedure can be observed. First, the stroke stabi-
lises near the 10°th cycle. Simultaneously, during the test, the
snake-like element gradually accumulated a certain amount
of plastic deformation (Fig. 6). In particular, it can be observed
that the amount of plastic deformation sustained by the aus-
tenite phase differs from that sustained by the martensite one:
approximately 10 mm for the austenite and approximately
2.5 mm for the martensite. This discrepancy is likely due to
the defects induced by the thermo-mechanical cycling that
hindered the complete recovery of the austenitic phase at high
temperatures and drove the two-way shape memory effect
[10] in the martensite, reducing the measured plastic defor-
mation at lower temperatures. Furthermore, the thermal hys-
teresis decreased with the increase in the number of cycles
(see also Fig. 7) due to the stabilisation of the thermoelastic
martensitic transformation. At the same time, the accumula-
tion of the two-way shape memory effect (TWSME) was
precisely registered by imposing a stress-free thermal hyster-
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Fig. 7. Thermal hysteresis of the snake-like sample during the fatigue test.
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Fig. 9. SEM images of the central inner part of the four curves after 10’and 10* cycles of the fatigue test. Arrows indicate the cracks that initiated
during the fatigue test.
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Fig. 10. SEM images of the surfaces of the fractured curves.
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Table 2. Phase transformation temperatures and transformation enthalpy upon cooling and upon heating of the snake-like element after the
cycling test (P1, P2, P3, P4, and P5 refer to the transformation temperatures of new peaks; s, p, and f indicate the starting, peak and
finishing points, respectively)

COOLING Pl s°C Pl p°C PI f°C P2s°C P2 p°C P2 f°C P3s°C P3 p°C P3 f°C AH coolingJ/g
cycled curvature 48.6 45.1 - - 37.7 29.7 7 2.1 -8.3 -22.47
cycled straight part 46.9 449 42 - 37 - 6.2 1.7 -14.2 -28.6
HEATING P4 s°C P4 p°C P4 f°C P5 s°C P5 p°C P5 f°C AH heating J/g
cycled curvature 49.6 54.8 - - 64 66.1 19.24
cycled straight part 49.6 55.4 - - 64.4 65.9 19.24
9 shows that after 10’ cycles, the inner part of the four curves 06 — —
did not present macroscopic damages. Thus, the four curves
showed similar surface quality. The micrometre-sized fissures 04+ RioB19 B2loR 1
visible on the surface represent the breaking of the thin oxide 0.2 i Bs it cooling
layer due to continuous cycling. - P2 o
A second set of SEM images was obtained after 10* cycles; o 0,0 [ TN e
the images show that the curves located farthest from the 2 .02 . [ —
applied load (the first and the second ones) presented small Q =S > /) In"
cracks measuring approximately 20 um, whereas the other 0 04 heating Vo i
two did not show any fractures. This behaviour was principally 06| s
due to the asymmetry of the snake-like sample that originated curved segment
. N . -0,8 straight segment B1Gto A
from the different distributions of momentum along the four I before fatigue
curves. Based on this conjecture, the first curve (which was -1,0 L. I [ E—
-40 -20 0 20 40 60 80

located farthest from the applied load) underwent the highest
extent of mechanical cycling. This aspect will be confirmed
by the simulations of the stress and momentum distributions
over this snake-like geometry that are currently under con-
sideration.

Figure 10 and Fig. 11 show the sample surface after rup-
ture. The fractured section in Fig. 10 shows a region with a
striation due to crack propagation from a nucleation site
located on the inner surface of the snake-like element. Far
from the nucleation site, a second characteristic region can
be observed; the region is full of micro-voids and dimples,
which are typical defects of ductile materials. Several cracks
are also visible on the lateral surface near the fractured sec-
tion (Fig. 11).

The DSC results obtained for the sample after cyclic testing
are reported in Fig. 12 and Table 2. Again, DSC was performed
on the curved and straight parts of the element separately.
The DSC scan shows that after the fatigue test, these two sets
of parts exhibited different calorimetric responses. In partic-
ular, the curved segments showed both austenite-to-rhombo-
hedral (B2 to R) and martensite-to-austenite (B19* to A)
peaks. This phenomenon occurred due to the introduction of
structural changes in the form of defects and the formation of
new martensite domains, both consequences of thermo-
mechanical cycling. On the other hand, the straight segments
only showed a shift in the transformation peaks, which is a
typical effect of thermal cycling (also observed for the curved
parts), confirming that the straight segments only serve as stroke
amplifiers.

Temperature (°C)

Fig. 12. DSC curves before the fatigue test (dotted line) and after frac-
ture (the black line represents curved segments, and the grey line rep-
resents straight segments).

5. CONCLUSIONS

This work presents the results of an experimental investi-
gation of the thermo-mechanical response of snake-like NiTi
samples during cyclic testing. Calorimetry confirms that for
small strains, the curved parts of the samples are most affected
by mechanical cycling. Moreover, SEM observations show
that fracture initiates from the curves located farthest from
the applied load. Under a load of 0.1 N, the stroke stabilises
after 10° cycles, as do the plastic deformation and the two-way
shape memory effect.
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