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g;’ Abstract

36 The interest in the design of shape memory alloy (SMA) actuators is recently broadened thanks to
;73 their high power density and versatility. In particular, snake-like Ni-Ti actuators demonstrated high
39 potential at the mini- and micro-scales as SMA non-conventional active elements, due to their

2(1) capacity to provide significant displacements in a very limited space and over a high number of
42 thermo-mechanical cycles. In this study, the fatigue behavior of a snake-like Ni-Ti element has

ji been investigated to identify the Wohler F-N curve. Moreover, a validated digital twin of the device
45 was prepared and used to evaluate the stress distribution throughout the fatigue tests, to convert
j? the experimental data into a Wohler stress-life curve. The numerical description of shape memory
48 behavior was performed through the Petrini-Bertini constitutive model, which also allowed a better
gg insight for future shape and functional optimization of the device.
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1. Introduction

Shape memory alloys (SMA) have increased attractiveness in actuation because of their capability
to promote motion through the conversion of thermal energy in mechanical work (shape memory
effect, SME) [1]. The ever-increasing miniaturization of many industrial products needs for smaller
and smaller actuators. According to this trend, SMA can provide an excellent alternative to
traditional mini-actuators, like electric, pneumatic and hydraulic engines, thanks to their simple and
noiseless mechanism, lightness, low power supply, high mechanical performances, and high
power/weight ratio [2 - 6].

It is a known fact that the SMAs actuators exhibit their best functional performances at the mini-
and micro-scales, with a higher power density than to the common lightweight technologies [7 - 9].
Different kinds of actuation elements have already been investigated, among which the straight
wire and the helical spring are the most exploited [10 - 13]. Besides, in previous works of the
authors [14 - 16], a Nickel-Titanium (Ni-Ti) snake-like actuator was manufactured and
characterized, and its promising mechanical performances were proved.

Recently, Frost et al. [17] reported an interesting study on superelastic Ni-Ti snake-like springs and
revealed that stress-induced martensite tends to form in a localized manner; this localization
affects the distribution of phases and strains and it is suggested to be critical for failure in Ni-Ti
polycrystalline structures [18].

One of the most challenging features of any SMA actuator is represented by its ability to withstand
structural and functional fatigue [19, 20], because of the simultaneous thermal and mechanical
cyclic inputs. These may cause damage and fracture, as well as changes in the functional
response, such as strain drift at the beginning of cyclic testing, strain stabilization and
accumulation of plastic deformation [16, 21]. The basics of the fatigue phenomena are related to
the complexity of the martensitic transformation and the microstructure [22] of the SMA element.
However, fatigue may be influenced by other several practical factors, such as i) the quality of the
alloy (related to the presence and the number of defects such as titanium carbide TiC inclusions
[23], the voids generated during the working process by the crush of TiC particles, the precipitates
after annealing); ii) the geometry [16] and the orientation during regular functioning [24] of the SMA
element; iii) the applied load and the corresponding strain; iv) the heating source parameters [25],
and v) the ambient temperature compared to the characteristic transformation temperature of the
material. This is much true for the snake-like design for which the repetitive bending and
straightening of the curved parts causes a localized stress concentration which promotes damage
as crack nucleation [16]. The optimization of the thermo-mechanical response of a snake-like SMA
element needs a specific study of fatigue life. In this work, we propose an investigation of the
functional fatigue of a symmetrical snake-like SMA element, which may be versatile in many
engineering applications such as miniature robotics, gripping devices and, moving towards
biomedical systems, smart surgical tools [26 - 28]. In particular, experimental tests were carried out

2



Page 3 of 21 AUTHOR SUBMITTED MANUSCRIPT - SMS-110454.R2

Smart Mater. Struct. 29 (2020) 095018 (11pp) - https://doi.org/10.1088/1361-665X/aba81e

1

2

3 to identify its behavior under different cyclic load levels to derive the corresponding Wohler curve.
;‘ In the present work, a validated finite element model of the snake-like element was devoted to

6 mimicking the device functioning behavior through a simple and cost-effective approach, which

7 neglects the complex micromechanical mechanisms occurring at the local level. This would be very
8

9 convenient for industries interested in dealing with the preliminary design and verification phases of
10 new prototypes.

11

12

13 2. Materials and methods

14

15 2.1 Thermo-mechanical behavior of SMA material

16 Commercial Ni-Ti wires with the chemical composition of NisgTiss (at.%) and diameter of 0,2 mm
17

18 were used to produce the snake-like elements. A few straight samples were produced to perform
19 material characterization. All the specimens in both the straight and snake-like shapes were

20

21 annealed at 500°C for 10 minutes to promote the shape memory effect. The snake-like element is
22 characterized by simple geometry, consisting of four loops, identified by a progressive roman

2

22 number (from | to IV) as in Figure 1a. A few geometrical quantities allow its description (referring to
25 Figure 1a): D is the distance between the peaks of two consecutive loops, R is the curvature radius
;? and H is the total height. The x axis represents the direction of both the applied load and the

28 deformation during functioning.

;g The phase transformation temperatures of annealed samples are 48°C, 46°C and 43°C for the

31 rhombohedral start, peak and finish temperatures (Rs, Rp, Rf), -3°C, -2°C and -16°C for the

gg martensite start, peak and finish temperatures (Ms, Mp, Mf) and 49°C, 55°C and 60°C for the

34 austenite start, peak and finish temperatures (As, Ap, Af) (Figure 1b).

22 According to the material transformation temperatures, two uniaxial tensile tests were performed
37 on the Ni-Ti wires in the martensite and austenite phases (T<Mf = -20 °C and T>Af = 70 °C,

gg respectively) through a standard tensile testing machine (Q800 TA Instruments) equipped with an
40 environmental chamber. Moreover, two strain recovery tests (from 130 °C to -70 °C with 5°C/min
j; heating/cooling rate at a constant stress of 150 MPa and 200 MPa), also performed on the Ni-Ti
43 wires, were used for a full characterization of the device thermo-mechanical behavior.
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Figure 1. (a): An optical microscope image of the snake-like Ni-Ti actuator, with details of the main
geometrical features and the corresponding values (obtained through measurements performed on
five elements). All the loops are identified by a roman number from | to 1V, from left to right. The x
axis represents the direction of both the applied load and the deformation during functioning; (b):

the output of the DSC analysis for the identification of the material transformation temperatures.

2.2 Study of fatigue behavior

Due to the final application of the mini actuator, it is crucial to fully characterize its response to
cyclic loads. In these cases, international standards recognize the Wéhler’s (or load-life or stress-
life) diagram as the most effective way of presenting the fatigue results. The realization of this
curve for the snake-like element was accomplished following the ISO 12107 [29]. Numerous
fatigue tests, performed at different load levels, allows the registration of the corresponding
maximum number of cycles that can be reached without failure (N, also known as fatigue life). This
practice allows describing only that part of the Wohler's diagram known as “finite life”, where the
load-life relationship may be reasonably approximated by a straight line for a specific interval of
load levels. Moreover, it is possible to identify another area of the diagram, usually referred to as
“infinite life”, characterized by an almost constant load level, named endurance limit F;,, and
defining the material fatigue strength, i.e. the maximum load that can be applied without registering
any failure for any N.

In this work, five different levels of load were considered for the definition of the “finite life” fatigue
behavior. According to previous results [16], the snake-like element was tested under loads higher
than 0.1 N, in particular, the following values were selected: 0.145 N, 0.171 N, 0.201 N, 0.294 N,
0.392 N. During tests, the actuator was free to deform as no physical limits were adopted. The
reliability of test results is primarily dependent on the number of specimens tested; in the present
work, referring to the ISO standard [29], a 50% failure probability with a confidence level of 90%
was obtained by considering three specimens per each of load level.

A semi-log Wohler’s load-life (F-N) diagram was built after collecting these data.
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The Staircase method [29] was employed to estimate the endurance limit F;;,. Starting from a pre-
fixed load value (Fo = 0.127 N), a sequence of failure and non-failure events was identified and
collected imposing 0.003 N of load increment (AF). The analysis of data of the Staircase method
[29] allowed the calculation of the mean value of the endurance limit, F,,, corresponding to a
failure probability of 50%, and the standard deviation, STD.DEV(F. ), by the equations (1) and (2):

Fum = F + AF (5£0.5) (1)

a2
£ +0.029) 2)

STD. DEV (Fyy) = 1.624F (

where C =Y, f;, f.is the number of the less frequent outcome at the i test (i.e. force level), A=Y i-
fi» B=Y f;-i%. In Eq. (1), the choice of the plus or minus sign depends on the nature of the less
frequent event, failure or non-failure respectively.

According to the standard, a specified number of cycles representative of the “infinite life” for the
specific case, N_ju, was set as run-out for the tests to perform the analysis in a reasonable time
but, at the same time, being representative of the device working conditions. In this work, N was
set to 40 000 cycles, which is compatible with the usage in the frame of mini-robotic systems and
active elements for surgical tools.

In the fatigue tests, the snake-like element started from the deformed configuration induced by the
load applied at ambient temperature, hence when the material was in the martensite phase: in the
following this configuration is defined as deformed martensite shape. The activation by Joule effect
with a 0.6 A current allowed to transform the material from martensite to austenite and reach a new
configuration, in the following indicated as deformed austenite shape. During the tests, the actuator
was cyclically heated for a time t, (heating phase) and cooled for a time t. (cooling phase)
alternatively assuming the deformed austenite and martensite configurations.

Prior to the fatigue tests, an optimization of t;, and t; were carried out to avoid early ruptures of the
element due to an excess of heating during the recovery and to undue plastic accumulation during
the reset step on cooling. The control of the cooling time was also helpful in limiting the drift of the
strokes at the beginning of the cyclic tests and to consequently generate a stable response. To
account for these features, at each applied load the cyclic response was subdivided into two
portions, each characterized by a proper pair of heating and cooling times. The first pair

(th.ranss totrans) refers to the initial transient part of the cyclic response where drift occurs. The second
couple (thstab, tostab) refers to the following stabilized response where a constant functioning is
observed. According to experiments accomplished on similar geometries [16], it was assumed a
stabilized response starting from the 1000™ activation cycle, independently from the applied load.
Consequently, for each of the considered loads of the fatigue test, the functioning times were
identified according to the following procedure:
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i. the sample is thermal cycled ten times with a functioning time (t, + t.) defined on the base of
experimental evidence and long enough to recover all the deformation (excluded the elastic
deformation due to the applied load) when heated up to the austenite finishing temperature and to
complete the resetting of the deformation in cooling. Using the acquired stroke-time graph at the
10" cycle, thans @and t; yrans are identified. In particular, ty yans is recognized as the portion of t,, limited
by the intersection time at which the heating tangent crosses the recovery plateau; on the other
hand, t. s is the part of t. delimited by the starting point of t. itself and the intersection time at
which the cooling tangent crosses the reset plateau, as schematized in Figure 2. It is worth noting
that the reset curve is smoothed due to the absence of an externally imposed cooling; therefore,
the cutting off of the cooling time prevents the complete deformation of the snake-like element

when in martensite phase and it allows for a reduction of the stroke.

ii. a new sample is then thermal cycled 1001 times, using th yans @and t; ans @s heating and cooling

times, respectively;

iii. the acquired stroke-time graph of the 1001"™ cycle is used to identify the second set of

functioning times (t stab, tcstab) USiNg the same method as for step i.

H

th,u:ms t( trans

DEFORMED
MARTENSITE

— 1 . TOTAL RESET PLATEAU

Stroke

_____ : heating tangents

DEFORMED ' TOTALRECOVERY PLATEAU /| ----- : cooling tangents

AUSTENITE

t, . t,
Time

Figure 2. Schematization of the method used to determine the functioning times during the

transient part of the cyclic test.

At each considered load, the described procedure allows the identification of the functioning times
during the transition period Atians = thtrans + tcrans @and during the stabilized period

Atgian = thstab + te stap-

The stroke length of the samples (i.e. the difference between the length of the element under a
specific load at the end of the cooling and heating phases) during the fatigue tests at room

temperature (19 £ 1 °C) was monitored by a linear variable displacement transducer (LVDT, DC50

6
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1

; Solartron Metrology), and Labview software was used to collect data during the measurements.

;‘ When a fracture occurred, its location was registered.

6

7 2.3 FE model

g The mechanical behavior of the virtual device was simulated in Abaqus 2018 (Dassault Sistémes
10 SIMULIA Corp., Providence, RI) through a material user subroutine (UMAT). In particular, the

:; UMAT refers to a three-dimensional phenomenological model able to describe the main properties
13 of shape memory alloys (details about the model formulation are given in [30, 31]), including the

:g pseudo-elasticity and the shape memory effect.

16 To identify the material model parameters of the austenitic and martensitic phase, the results of the
1; thermo-mechanical tests of uniaxial tension and strain-recovery on the Ni-Ti wires were used. In

19 particular, a simple finite element (FE) model with a unit size cubic element, meshed with a fully

;? integrated solid element, was used to numerically reproduce the stress-strain-temperature curves
22 of the wires.

;i Furthermore, the global response of the device was evaluated by experiments in which three

25 snake-like elements were subjected to a uniaxial tensile test in force control, applied along the

;? longitudinal axis of the element, at room temperature (19 = 1 °C). The experiment was numerically
28 reproduced, to verify the FE model ability to correctly describe the global behavior of the device. To
gg minimize the computational time, the model of the snake-like actuator was reduced by exploiting

31 an existing transverse symmetry, and the three-dimensional geometry was finally discretized with
gg 23424 8-nodes solid elements with an incompatible mode formulation (32 elements in the halved
34 wire cross-section).

22 The numerical model was then used to replicate the fatigue tests at different load levels. The

37 maximum and minimum elongations (reached during the heating and cooling phases of the thermal
gg cycle) were used to calculate the virtual stroke, which was compared to the average of the first five
40 cycles during two experiments performed at the 0.145 N and 0.392 N load levels (namely, the

j; minimum and maximum values leading to the device failure).

43 Knowing the local value of the stress at each location of the actuator, it was possible to recognize
j;' the most loaded location, and plot a Wohler stress-life diagram, using the von Mises amplitude

46 stress (6"™?), calculated as the difference between the von Mises stress found at the end of the

j; heating and cooling phases, respectively.

49

g? 3. Results

52 3.1 Thermo-mechanical behavior of the SMA material

gi The results of the thermo-mechanical characterization of the Ni-Ti wires are shown in Figure 3. In
55 the images, the results of the finite element analysis (FEA) have been superimposed to the

g? experimental ones and it will be discussed in Section 3.3. Referring to the uniaxial tensile tests

58 7
59
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(Figure 3a and Figure 3b), at low temperature, i.e. in martensite state, the material has an apparent

Young’s modulus of 10,6 GPa and detwinning is located at 150 MPa. At high temperature (in

austenite state) the material has an apparent Young’s modulus of 40 GPa and the stress-induced

martensite plateau is located at 400 MPa. It can be observed that in the austenite phase, the wire

does not show the characteristic flag-shaped pseudoelastic curve. This is primarily ascribed to the

choice of the annealing temperature which weakens the material and avoids the complete recovery

of the original undeformed configuration (see the unloading of the experimental curve in Figure 3b).

Despite this, the Ni-Ti wire shows good strain recovery results, as reported in Figure 3c and Figure

3d. The material shows near 8% and 8.5% recovered strain with 0.5% and 1% of residual plastic

deformation, respectively at 150 MPa and 200 MPa.
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Figure 3. Comparison between experimental (EXP) and numerical (FEA) curves obtained through

tests on Ni-Ti wires annealed at 500°C for 10 minutes (water quenched). (a) and (b): uniaxial

tensile tests at different temperatures; (c) and (d): strain recovery tests at 150 MPa and 200 MPa.
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1

2

3 3.2 Study of fatigue behavior

‘; The first step of the snake element fatigue life characterization was the determination of the

6 actuation times associated with a given load. According to the procedure reported in Section 2, two
; functioning times were found for each load, At;..,s and Atg.p, Which respectively characterize the

9 transient and the stabilized behavior during the actuation.

1(1) From graphs of Figure 4a, two main behaviors are worth to be highlighted. First, it can be observed
12 that times change with load: this happens because load prevents the complete recovery during

12 heating and at the same time it facilitates the deformation during cooling. In addition, this trend is
15 also promoted by an increase of the phase transformation temperatures with the applied load

:? (Clausius-Clapeyron law): the increasing of austenite temperature with load promotes an increase
18 of heating times, while the increasing of martensite temperature allows for a faster reset. These

19 effects are more evident until a 0.3 N load threshold, beyond which a stabilized trend was found.
20

21 Secondly, it is possible to notice a reduction in the times between the transient and the stabilized
22 response, with particular evidence during cooling (Figure 4a). These behaviors directly affect the
23

24 functioning times (Atyans and Atsp) Which decreases with the load as reported in Figure 4b.

2 (a) 10 : : : : (b) 10 : : : :

26 . th,trans = A'trans

27 8l ® o trans | 9 = mstab T
28 th,stab

29 testab | ® 8+ 4 .
30 — 6 LI 7 — R

31 % . ° % 7L A A A |
32 E 4f ] E

33 " el _
34 2| . - i

35 a8 B St T
36 o 1 1 1 | 4 1 1 1 1

37 0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5
38 Load [N] Load [N]

39

40 Figure 4. Times in the transient and stabilized phases of the thermo-mechanical cycling of the

41 snake-like element. (a): transient and stabilized times during heating and cooling; (b): actuation

42

43 times of a cycle in the transient and stabilized phase.

44

45 . s . .. . . . .

46 To build the “finite life” curve in the Wohler’'s diagram, the fatigue life corresponding to the three

47 specimens tested at each load level are reported in Table 1. These data identify a cluster of points
42 in the semi-log F-N plane that are simplified by the linear interpolation represented in Eq. (3). The
50 majority of the fractures (10 out of 15) occurred at the same location, which is the loop identified by
g; number Il as indicated in Figure 1a; in the other cases, 4 were detected at loop number Il and only
53 1 was located at loop number I.

54
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Table 1. Fatigue life N at a given load level F (three specimens per load level) and the

corresponding fracture location (in terms of the loop number).

Number of cycles to failure, N

15" sample 2"%sample 3™ sample

FIN] (location) (location) (location)

0.145 12421(111) 34215(1ll) 17231(111)
0.171 17298(l1l) 30132(1l) 16132(1l1)

0.201 11808(1) 16443(11) 20609(111)
0.294 10806(1ll) 11569(1l)  9494(1l)

0.392  7673(ll) 9267(lll) 10702(1l)

log(N) = 4.52 — 1.49F (3)

The sequence of failure and non-failure events needed by the Staircase method are collected in
Table 2. At the end of the fatigue campaign, there were 6 failures and 7 non-failure. The failure
event is, therefore, the one considered in the analysis as the less frequent outcome.

The analysis of the Staircase data was performed on the results of 0.132 and 0.135 N load levels:
in particular, referring to level 0 (0.132 N), two failures were detected while considering the first
level (0.135 N), four failures were recorded. A, B and C parameters were identified from the
knowledge of these data.

Solving Eq. (1) and Eq. (2), it resulted: F. = 0,131 N and STD.DEV(F, ) = 0,001 N.

Table 2. The sequence of test outcomes following the Staircase method for the assessment of F; .

load Specimen

N 1 2 3|4‘5|6|7‘8|9‘10‘11‘12‘13‘14|15
0.135 X X X X
0.132 o X (0] X O (0] (e}
0.129 o* (o] (0]

0.127 | O*

X: failure
O: non-failure
*not counted [29]

The semi-log Wohler F-N diagram of the snake-like element is reported in Figure 5. An increase in
the external load produced a rapid decrease in the fatigue life of the snake-like element. A
scattering of the results at low forces, which can be expected in the proximity of the fatigue

strength limit, is also observable.

10
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Figure 5. A semi-log Wohler F-N diagram of the snake-like Ni-Ti element.

3.3 FE model
The results of the thermo-mechanical tests allowed a good calibration of the material model

parameters, which are shown in Table 3.

Table 3. Input parameters of the material constitutive model referred to Ni-Ti wires thermal treated
at 500°C for 10 minutes (water quenched). Ea: apparent Young’s modulus at high temperatures;
Em: apparent Young’s modulus at low temperatures; v: Poisson’s ratio; ¢ : maximum transformation
strain; B: Clausius Clapeyron coefficient; h4: slope of the transformation plateau; R: elastic domain

radius.

Ea Ew \ €L B h, R
[MPa] [MPa] -] [-1 [MPa/°’C] [MPa] [MPa]

40000 10600 0.35 0.088 3.91 401 120

The model is representative of the thermo-mechanical behavior of the material. Its pseudoelastic
curve exhibited a difference compared to the corresponding experimental curve (Figure 3b). In
particular, the reverse transformation plateau (from stress-induced martensite back to austenite)
could be appreciated in the numerical output whilst it was not present in the experiments. However,
the model was able to catch the strain recovery curves, which determine the mini actuator’s
behavior (Figures 3c and 3d).

The comparison between the experimental and numerical curves related to the uniaxial tensile test
on the snake-like elements highlighted a good ability of the model to catch the macroscopical
behavior (Figure 6). The relative error between the experimental and numerical displacement

values at different applied forces never overcame 3%.

11
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Figure 6. Comparison between the experimental (EXP) and numerical (FEA) results of the snake-

21 like elements under tensile tests, in terms of force vs. displacement.

24 Figure 7 depicts the comparison between the numerical and experimental results of the element
functioning under 0.145 N load. The numerical initial undeformed configuration (represented by the
27 rest length Lo, Figure 7a and 7c, in black) is superimposed to the deformed martensite and
austenite shapes reached at the end of the cooling (L4, Figure 7a) and heating (L., Figure 7c)

30 phases, respectively. The two photographs in Figure 7b and 7d show the corresponding
configuration during the experiments. It can be observed that the load allows for a high elongation
33 of the element due to the stretching of the loops; the stresses are mainly concentrated at the loops
while the linear segments show negligible values. Table 4 reports the experimental and numerical
36 strokes (calculated as L; — L), confirming a good match between the model and the experiments.

as a function of the applied load for the selected cases.

@

Figure 7. Experimental and numerical visualization of the actuation stroke under a load of 0.145 N.

57 (a) The numerical elongation at the end of the cooling (in blue), defined by L,, superimposed to the
58
12
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initial undeformed configuration, L, (in black); (b) the corresponding experimental configuration; (c)

the numerical elongation at the end of the heating (in blue), defined by L,, superimposed to the

initial undeformed configuration, L, (in black); (d) the corresponding experimental configuration.

oNOYTULT D WN =

9 Table 4. Experimental and numerical strokes of the actuator as a function of the applied load in the
10 cases of 0.145 N and 0.392 N. Experimental values are calculated as the average of the stroke
12 happening in the first five actuation cycles of the same device.

13 Force Stroke EXP Stroke FEA  Error

14 [N] [mm] [mm] [%]

15 0.145 8.24 8.29 0.61
0.392  6.31 5.98 5.23

19 Figure 8 reports the maximum principal stress plot at the end of the cooling and heating steps of
2 the simulation with an applied force of 0.145 N. Loops number Il and Ill result the most stressed
22 ones. As shown in the boxes, the most stressed points are in the middle section of the loop (Sect.
24 A) on the inner surface. A micrograph of the fracture surface of the loop number Ill of one of the
25 snake-like elements, taken by a scanning electron microscope (W-SEM LEO 1430), is presented
57 (Figure 8c). On the inner surface, it can be seen the nucleation site from which striations due to
28 crack propagation depart. Hence, the simulations correctly catch the most critical area for fracture.

II

Sect. Acooiing

(a)
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—
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49 Figure 8. Distribution of the maximum principal stress in the snake-like element loaded at 0.145 N
at the end of the cooling (a), and heating (b) phases; (c): SEM images of the fracture surface of a
52 snake-like element, corresponding to Sect. A of the numerical model.

The highest stress value was assessed as 474 MPa at the end of cooling and 5
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4 MPa at the end of the heating phase (under F = 0.145 N). However, these values are
representative of a small portion of the actuator, whilst the majority of the loops exhibits a stress
value of about 250 MPa.

Following the common literature regarding the fatigue behavior of metals, the evaluation of the
variation of the von Mises stress between the two phases of the thermal cycle allowed to obtain a
Waéhler 6"™2-N diagram of the snake-like Ni-Ti element, see Figure 9. It can be observed that the
working alternate stress limit can be assessed approximately about 150 MPa, confirming the

element’s ability to withstand significant stress levels.

350
[ | log(N)=-0,004c""+5,1
0 -

Lm

10° 10 10°
N

Figure 9. Semi-log Wéhler 6"™2-N diagram of the snake-like element.

4. Discussions

The main challenging feature of any SMA element to be employed as an actuator is the design of
ad-hoc fatigue life, compatible with the final application. In this work, a SMA element with a novel
snake-like design has been investigated to evaluate its fatigue performances.

The Wéhler 6"™2-N curve was evaluated by exploiting a numerical model, properly calibrated and
validated. Experimental tests were accomplished following a standardized method, while the
simulations were based on the calibration of the Petrini-Bertini model [27] for simulating the shape
memory effect.

As concerns the experimental analysis, it is worth noting that the performed cutting off of both the
heating and cooling times allows for faster actuation and brings some advantages. First, limiting
the heating time allows controlling the maximum temperature reached during the tests, avoiding
the related risk of damage. However, according to the tangent method (Figure 2), the cut of the
heating time assures that the specimen recover almost completely the deformed austenite shape.
As regards cooling, the limitation of time truncates the deformation of martensite, limiting the

possibility to face inelastic phenomena [18] and preserving the material from structural failure.

14
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1

2

3 In Figure 10 where the stroke vs cycles plots for different loading conditions are reported, it is

g possible to notice that there is not a significant variation of the stroke during cycles: the maximum
6 of the stroke (corresponding to the reaching of deformed martensite shape) is almost constant and
; variations of no more than 0.7 mm are shown at the minimum of the stroke (corresponding to the
9 reaching of deformed austenite shape). These results show that the performed study on the

10 actuation times positively affects the stroke length, avoiding the development of inelastic

11

12 phenomena and hence preserving the material from structural failure.

13 This promotes a stable stroke over cycling which permits to calibrate the numerical model only

14

15 considering the first five mechanical cycles. Furthermore, the need to define two sets of function
16 times (transient and stabilized) is principally ascribed to microstructural changes that are stabilized
17

18 over cycling: it is expected that the dissolution of interfaces and the formation and stabilization of
19 some martensite variants facilitate the direct and reverse transformation by increasing Ms and

20

2 decreasing As, therefore less energy is necessary for transformation [32].

22

23
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25
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41

42 Figure 10. Stroke vs. the number of cycles during cyclic tests under different load levels, applying
ji the heating and cooling time limitation.

45

j? The choice of the snake-like design allows manufacturing a planar element that can exhibit high
48 strokes if compared to the straight wire but guaranteeing a reduced planar encumbrance if

gg compared with the common spring design.

51 This particular feature is driven by the deformation fashion of the element during the thermal

gg cycles. Indeed, the deformation mode of the device is dominated by the bending of the loops,

54 which happens together with a rigid translation of the straight portions along the load direction.
55 Under load, the snake-like element reaches stretched configuration during the cooling phase: the
g? bending action due to the applied load is defined, for example in the case of loop lll, by the

gg 15
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distance b4, as it is shown in Figure 11a. When heated, part of the deformation is recovered with
an increase in the local stress in the loops, which is caused by the increase in the distance b,
between the applied load and the loops themselves. It implies that, differently from a wire actuator,
the stress induced in the snake-like element changes between cooling and heating, making more
complex its design. Moreover, an increase in the applied load does not linearly affect the relative
difference between the values of by and b,. This difference is almost constant for low values of the
applied force (b,-b4 is 0.64 mm in the cases of 0.127 and 0.129 N, 0.67 mm in the cases of 0.132
and 0.135 N, ); then it increases up to a maximum value in the case of 0.201 N (b»-b1=0.91 mm)
for decreasing again when the maximum load 0.392 N is applied (b>-b1=0.67 mm).

It is interesting to notice that the b,-b, value is maximum for loop Il and Ill central loops of the
element). This higher difference between the two configurations is responsible for the identification
of the highest amplitude stress at these locations of the numerical model: accordingly, herein the
device failure is expected. These considerations are supported by the experimental outcomes,
showing 14 out of the 15 failures happening in loop Il and III.

From these results, the 0.201 N load level represents a threshold above which the snake-like
element exhibits lower changes between the deformed martensite and austenite configurations.
This aspect might be one of the concurrent phenomena influencing the slight increase in heating
times with the load increment and the decrease in cooling times (Figure 4a). Together with the
geometry, the effect of gravity obstacles the complete recovery during heating and, at the same
time, it promotes the deformation during cooling. Consequently, during heating, the material
needed more time to recover the deformed austenite shape and less time to reach the deformed
martensite with the increase of load. In addition to this, the increase of the phase transformation
temperatures with the applied load (Clausius-Clapeyron law) affects in different ways the heating
and cooling times: an increase in the austenite temperature with load promotes dilatation of the
heating times, while the increase of the martensite temperature allows for a faster reset. This is
related to the drifting of the phase transformation temperatures toward higher values during cycling
that is chiefly due to dislocation built up and defects redistribution that creates internal stress in the
material [34]. As a consequence, the functioning times (Atyans and Atg.p) are directly affected by the
aforementioned behaviors.

Due to bending, the loops are characterized by a stress distribution with high gradients, where the
maximum values in tension and compression are located at the inner and outer surfaces,
respectively. Figure 11b,c shows a comparison between the local stress distribution in loop Il in
the case of applied 0.135 N (belonging to the “infinite life” portion of the diagram) and 0.392 N
(“finite life”). In the first case, there are few elements in the loop whose stresses are out of the
linear elastic response (which can be assessed up to 250 MPa in martensite at room temperature
of about 19°C, higher in austenite during heating), while in the second case the majority of the

elements overcame these thresholds, probably entering the material plateau. The increase in the

16
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local stress leads to dramatic effects such as the reduction in fatigue life and the impossibility to
gain high stroke lengths (5.98 mm in the case of 0.392 N compared to 7.83 mm of the 0.135 N).
For these reasons, it is crucial to understand the optimal working conditions for a specific actuator,
so that the design phase can be driven toward shape and functional optimization.

The snake-like element undergoes high stresses, about 500 MPa at some very localized areas,
namely small portions of each loop when loaded lower than 0.201 N; on the other hand, when
dealing with 0.294 N and 0.392 N, the almost totality of the loops cross-section bears critical
stresses. Looking at Table 1 and Figure 5, it is possible to appreciate a reduction in fatigue life in
these last two cases, compared to more dispersed data from the 0.145 N, 0.171 N, and 0.201 N
cases. Moreover, no failure was detected in the load cases lower than 0.132 N, corresponding to
stress values in the loops assessed as lower than 250 MPa. These findings are in agreement with
the results shown in [33], where cycling at high stress values was demonstrated as the causes
accumulation of inelastic strains, dramatically affecting the fatigue performances and the
recoverable strains of a SMA actuator.

For this reason, the 500 MPa threshold should be recognized as an important design constraint for
avoiding early failure in the actuators.

The numerical model herein employed is not formulated to account for those inelastic phenomena
related to the micromechanics of the material. As reported in [33], phenomenological models
should account for additional internal variables to catch the local changes of microstructure that
affects the coupling between phase transformation and plasticity. However, the model in its form
can be exploited to evaluate whether critical stress values are found in the snake-like element

under each loading condition, to make the first guess on the expected issue related to early fatigue

(b) 0.135 N
R Owmax pr. a8s (MPa)
' 250+
0
m % -250+
- x

failure.

Cooling

Heating

(c)0.392N

2)
-~
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Q
2
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2. x

Figure 11. (a) A comparison between the deformed configuration during cooling and heating

phases and the corresponding bending distances b, and b,; maximum principal stresses value
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during the cooling and heating phases of the thermal cycle located at loop number IlI of the snake-
like element loaded under (b) 0.135 N and (c) 0.392 N.

Finally, the Petrini-Bertini model, in its present form, does not allow to capture the tension-

compression asymmetry characterizing Ni-Ti alloys. The authors are aware that this represents a
limitation that might influence the local response in terms of the magnitude of the local stress and
strain fields. In the future, efforts shall be spent on the upgrade of the Petrini-Bertini formulation to

account for the material asymmetry.

Conclusions

In this work, a novel design of a snake-like SMA element for mini actuation, which can exhibit high
strokes but guaranteeing a reduced planar layout, was investigated. Particular attention was paid
at its fatigue characterization, given the interest to employ this device in the common practice. The
need for controlled fatigue performances drove towards a careful study of the actuation times,
whose choice greatly influences either drift-related effects during cycles or the reduction in the
stroke. A validated numerical model was prepared to support the interpretation of the results,
allowing the quantification of local stress and strain fields.

This study highlighted the complex deformation mechanism of the device, which is dependent on
the cyclic geometrical modification which affects the maximum bearable load and, hence, the local
stress value. The numerical model provides an extremely useful tool for the future optimization of

the element according to the specific application.
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