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On the thermo-mechanical behavior of NiTi shape 

memory elements for potential smart micro-actuation 

applications

Carlo A Biffi1, Luca Bonacina2, Adelaide Nespoli1, Barbara Previtali2 and

Ausonio Tuissi1

Introduction

Shape memory alloys (SMAs) are smart materials able

to recover a pre-determinate shape after a severe defor-

mation upon heating. At the basis of this unique prop-

erty, there is a thermoelastic solid state martensitic

transformation (MT) between two structures: marten-

site, stable at low temperature, and austenite, stable at

high temperature (Funakubo, 1984; Otsuka and

Wayman, 1998). The SM effect consists in the deforma-

tion (detwinning) of the martensite by applying an

appropriate external load. Then, the heating, above the

characteristic temperatures of the MT, permits the

material to recover its original shape producing

mechanical work that can be easily exploited to pro-

duce linear or rotational motion in active and smart

systems, as reported by Nespoli et al. (2010b).

The high strain recovery, the possibility of designing

the active element with the desired geometry, and the

easiness of the device are important features that

make the SMAs suitable for the development of differ-

ent scales of actuators (Nespoli et al., 2012a). In the

mini- and micro-scales, these materials find many

applications as they present the highest power-to-

weight ratio as function of the actuator weight (Ikuta,

1990). In details, mini-scale SMA actuators were stud-

ied in different configurations, showing their potential-

ities in function of the motion to be realized (Nespoli

et al., 2010a, 2012b).

Furthermore, the use of SMAs in micro-systems

improves the dynamic response of the component,

because a higher surface-to-volume ratio can cause a

faster cooling (Bellouard et al., 2008; Kohl and

Skrobanek, 1998). For realizing features in the micro-

size order, laser machining is one of the most exploited
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fabrication processes, as shown in the work reported

by Kohl et al. (2002), because of its high productivity

and repeatability, good quality, and great level of

industrialization. The literature offers a lot of examples

of laser material processing on SMAs, since their pecu-

liar properties make conventional machining often not

applicable (Schuessler, 2000). Several open literature

works deal on studying the effect of the principal pro-

cess parameters: pulse duration (Li et al., 2006), emis-

sion wavelength (Yung et al., 2005), and power (Pfeifer

et al., 2010). Because of the heat flow associated with

the laser beam, this technology produces thermal dam-

ages (i.e. melted material and heat affected zone) and

surface defects (i.e. oxides) that compromise the final

functional properties. For this reason, laser machining

has to be followed by some post-processing to recover

the SMA functional properties (Nespoli et al., 2014).

Previous studies demonstrated that these defects can

partially inhibit the detwinning of the martensite, caus-

ing an obstacle to the MT for the precipitation of dif-

ferent phases (Biffi et al., 2012, 2014; Previtali et al.,

2010; Tuissi et al., 1999).

Hence, it has been proposed that post-processing

(i.e. chemical and electrochemical polishing) is usually

sufficient to remove these unwanted defects from the

SMA elements (Biffi et al., 2013; Nespoli et al., 2014).

In this work, the authors studied the functional

behavior of micro-elements in NiTi SMA, which can be

adopted as promising active elements for smart actua-

tion in micro-systems. Instead of using a thin wire

shape according to classical applications, here a

sinusoidal-like shape has been laser micro-machined

from a thin NiTi plate and then the micro-elements

were chemical etched, as reported by Biffi et al. (2013).

The aim of this work is the evaluation of the functional

response of these micro-elements, showing how they

can be properly used for smart micro-actuation devices.

In order to identify the operating temperature range,

calorimetric characterization was proposed in the final

material condition. Then, two types of thermo-

mechanical tests were done for evaluating the func-

tional behavior of the micro-elements: tensile test and

displacement recovery test. The tensile test results were

thus used as input stress–strain characteristics in the

numerical modeling. Strain recovery testing, on the

contrary, showed the functional performances in actua-

tion of these micro-elements.

Finally, the stress distribution in the micro-elements

was numerically evaluated through finite element mod-

eling (FEM) in both austenite and martensite phases.

Sample preparation and experimental

characterization

SM micro-elements were realized by using a NiTi

alloy (Ni50.3Ti49.7 at.%); the material was produced, at

CNR-IENI Lecco laboratory, by vacuum induction

melting. The ingot produced was hot and cold rolled

down to tapes of 140 mm in thickness (final cold defor-

mation of 30% in thickness reduction). Then, the NiTi

tapes were thermally treated at 400�C for 15min, fol-

lowed by water quenching at room temperature to pro-

mote the one-way SM effect. Surface oxides of the

sheet were removed by a chemical etching solution of

50% water, 40% HNO3, and 10% HF.

The NiTi tapes were laser patterned by means of a

nanosecond fiber laser, at Department of Mechanical

Engineering of Politecnico di Milano. Several samples

were prepared. The elementary geometry (see Figure 1)

was replicated in function of the number of curvatures

M (where M=1, 3, 5), along the rolling direction of the

tapes, as shown in Figure 2. The characteristic dimen-

sions of the elementary geometry are listed in Table 1.

The process parameters, adopted for NiTi laser

micro-cutting, were reported elsewhere (Biffi et al.,

2013; Nespoli et al., 2014). An additional chemical

etching for 4min at 30�C, inside ultrasonic cleaner, was

performed on processed NiTi micro-elements.

Transformation temperatures of small specimens

(about 0.2mg weight) were investigated by means of a

differential scanning calorimetry (DSC) (Q100 TA

Inst.), within the temperature range (2100�C; +100�C)

at a rate of 10�C/min; during this test, the sample weight

was about 0.18mg. Thermo-mechanical properties of

the micro-samples were measured by a dynamic

mechanical analyzer (DMA) (Q800 TA Inst.). Two

kinds of mechanical tests were carried out. The first one

consists in a standard tensile test in both martensite and

austenite temperatures. The second mechanical analysis

is a strain recovery test as a function of temperature

under different constant loads. Comparison between the

functional properties as a function of the number of cur-

vatures M (M=1, 3, 5) was also considered.

Model definition for FE analysis

To evaluate the stress distribution in the micro-elements

during a tensile test, an FE approach was adopted.

Figure 1. Schematic of the elementary geometry.



Finite element analysis (FEA) was performed using

ABAQUS 6.9 code to evaluate the stress distribution in

the micro-elements, in function of the operating tem-

peratures (material state) and geometry.

Quadratic hexahedral elements, characterized by an

additional node in the middle of the edge for higher

resolution, were adopted for a uniform discretization

of the geometry. Element size was fixed to 0.03mm in

order to guarantee the convergence of the solution. A

distributed load was applied on the transversal section

of the free extreme side of the micro-element.

Due to the dimensions in the micro range, which are

involved in both experimental and modeling, a mean

mechanical response of the SM micro-elements should

be approached; in fact, the presence of some lacks of

uniformity in the material properties (i.e. grain size) as

well as defects, derived from the fabrication processes

(laser micro-cutting and chemical etching), could affect

significantly the final mechanical response.

In order to considering these effects, the phenomen-

ological approach, presented by Kohl et al. (1996), was

implemented both for austenite and martensite for the

mechanical modeling of the micro-elements, as depicted

in Figure 3.

The first reason at the base of the use of this

approach is for determinating the stress distribution in

a geometry (i.e. micro-elements with snake like config-

uration) with curvatures, where the classical equations

of load–stress cannot be easily applied. Moreover, the

second reason is to model the mechanical behavior of

micro-scaled elements presenting some potential geo-

metrical or microstructural defects, due to the produc-

tion route adopted for their realization. For instance,

laser micro-processing can produce melted material,

concentrated in some points of the geometry processed,

and this can reduce the effectiveness of the next chemi-

cal etching for its polishing. As a result, localized areas

of the sample surface may show not uniform mechani-

cal behavior, which is seen as discontinuity in the mate-

rial properties.

According to Kohl method, each point of the force

versus displacement experimental curve (di, Fi) was

considered as input for the FE modeling. An iterative

calculation is then accomplished by the model; it con-

sists in the determination of the elastic modulus Ei able

to minimize the error d�i � di
�

�

�

� (here defined 2%),

where d�i is the FEM output displacement related to Ei.

In this way, for every (di, Fi), experimental point, a

(d�i , Fi), modeled point is derived. By the entirety of the

modeled force versus displacement points, the (s�

i , e
�

i ),

curve is then accomplished. After the stress versus

strain response, the stress distribution is determined as

output of the simulation.

This approach was adopted even in other works of

the same authors, when samples with geometries far

Figure 2. Geometry of the micro-elements at varying the

number of curvatures M: (a) M= 1, (b) M=3, and (c) M= 5.

Table 1. Characteristic dimensions of the micro-elements (mean and standard deviation) after their realization.

Height, h Curvature radius, R Width, w Thickness, t

596.36 2.7mm 90.26 1.9mm 81.66 1.3mm 95.76 1.5mm



from the so-called ‘‘dogbone’’ geometry were numeri-

cally simulated (Kohl and Skrobanek, 1998). The two

main hypotheses at the basis of this FEA are the follow-

ing: (1) isotropic and uniform properties of the material

and (2) rectangular transversal section of the micro-

elements.

The modeling was performed under steady-state

condition at two different temperatures, below (220�C)

and above (70�C) the MT, at which the elastic stiffness,

indicated as Young modulus E, can be directly associ-

ated with the pure martensitic and austenitic phases.

Here, the presence of the stress-induced martensite

(SIM) was not taken into account, because in this pre-

liminary approach the micro-elements were used at low

values of force applied.

Coupling both Kohl’s approach and FEA model-

ing, two outputs can be obtained: (1) the stress–strain

curve, characteristic of each micro-element tested in

the first part of this work and (2) the corresponding

stress distribution in function of M, as reported in the

gray blocks.

Analysis of results

Figure 4 shows the DSC heating/cooling scans of a

micro-element. Martensite start and finish temperatures

(Ms and Mf) and the austenite (As and Af) tempera-

tures as well as transformation heats were detected, and

the values are reported in Table 2. The thermal hyster-

esis, obtained from the DSC scan of Figure 4, was

Figure 3. Schematic of the implementation of Kohl’s phenomenological approach.



about 27�C, which is comparable with the thermal hys-

teresis of commercial NiTi SMA for actuators.

The knowledge of the characteristic temperatures

derived from the DSC measurement allows carrying

out the mechanical characterization, through tensile

testing, of the micro-elements in the two material states:

in martensite, below the conclusion of the direct MT

(see Mf), and in austenite, above the conclusion of the

reverse MT (see Af).

Martensite and austenite mechanical response of the

micro-elements with M=1, 3, 5 (see Figure 2) was

obtained at the testing temperatures below (220�C)

and above (70�C) the MT. Figure 5 shows the mechani-

cal behaviors up to the failure of the micro-elements.

Because of the ‘‘snake-like’’ geometry of the samples,

the results of the tensile testing were reported as force–

displacement response, instead of stress–strain curve.

As expected, martensite and austenite show different

mechanical response in terms of Young’s modulus,

stress plateau, maximum stress, and displacement. The

relevant level of stroke in correspondence to the failure

of the elements according to the increase in M can also

be detected. This can be explained since the elongation

of these micro-elements can be seen similarly with the

elongation of a bidimensional spring. The generation

of SIM in the curves of the austenite in correspondence

to the change in curvature in the force–displacement

results can also be seen.

A decrease in the maximum force, before the element

failure, is visible in the martensitic phase from about 9

to 5N at increasing M, while in the austenitic phase the

variation in the maximum force is more limited in the

range 5–6N. Even if the mechanical tests are performed

at different temperatures, the material condition seems

not to influence the maximum force at the failure in the

case of the micro-element with M=5.

Moreover, strain recovery tests were also performed

at prefixed values of applied load. A representative

cycling, showing the evolution of the performances of

the micro-element with M=5, is shown in Figure 6.

During the thermal cycling (30 cycles), the applied

load is fixed equal to 0.1N, and heating/cooling loops

Table 2. Characteristic temperatures of the MTof the micro-elements, from DSC analysis and from strain recovery test at the

correspondence of the 1st and 30th cycles.

Testing As (�C) Af (�C) HM!A (J/g) Ms (�C) Mf (�C) HA!M (J/g) Thermal hysteresis (�C)

DSC 40 46 19.4 18 14 20.3 27
e recovery (1st cycle) 59 81 – 10 3 – 70
e recovery (30th cycle) 48 67 – 15 7 – 56

MT: martensitic transformation; DSC: differential scanning calorimetry.
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were imposed to guarantee the complete transforma-

tion from austenite to martensite, and vice versa. The

displacement recovery, shown in Figure 6, was actuated

by the SM effect. The micro-element shows an impor-

tant stroke of about 1.2mm (equivalent to the 42% of

the initial length), evaluated as difference between the

minimum and maximum displacements.

An initial thermal cycling is required to reach the

stabilization of both minimum and maximum displace-

ments (see evolution in Figure 6) and the relative stroke

(see evolution in Figure 7). Indeed, approximately 22

cycles are required to reach a stable behavior, as indi-

cated by the arrow drawn in Figure 7.

Nonetheless, during this test, austenite and marten-

site accumulate a similar level of plastic deformation,

that is, about 0.5mm by the 30th cycle, because of the

translation of the stroke at higher values. Moreover,

the finish transformation temperature Af is shifted to

higher values, if compared with the temperatures mea-

sured by the DSC scan (see Table 2). The reason of this

shift is due to the applied forces, which can modify the

characteristic temperatures of the MT, according to the

Clausius–Clapeyron relationship. On the contrary, this

trend was not observed for Mf; this point needs further

investigations for its clarification. An increase in the

thermal hysteresis, under load, has also been obtained;

this behavior could be probably associated with the lack

of uniform stress distribution for the presence of the

curvatures.

After the testing of these micro-elements, an estima-

tion of the stress distribution can be another important

issue for completing their characterization. For apply-

ing the phenomenological approach, described and

used by Kohl et al. (1996), the experimental response

of the device is required. For this purpose, the force–

displacement curves, suitable for the use of the micro-

elements, should be focalized in the range of low forces,

as depicted in Figure 8. For temperature above Af, the

displacement of the three micro-elements (M=1, 3,

and 5) increases proportionally with the force applied.

The punctual inclination of the force–displacement

curve is proportional to the Young’s modulus; it is con-

firmed from this measurement that the austenitic phase

shows a higher Young’s modulus than the martensitic

one. On the contrary, the mechanical response of the

martensitic phase shows a trend between force and
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displacement, characterized by a lower modulus. This

behavior can be confirmed by literature (Rajagopalan

et al., 2005). These curves, depicted in Figure 8, were

used as input for the FEA of the micro-elements.

In Figure 9, the calculated force–displacement

curves are depicted; due to the fact that the curves of

Figure 8 were used as input for the iterative calculation,

depicted in Figure 3, the difference between the force–

displacement curves of Figures 8 and 9 is given by the

error defined. In fact, the trend among the force–

displacement curves, experimental and calculated, is

definitely the same.

Figure 10 shows the calculated stress–strain charac-

teristics, representative for the different geometries in

both martensitic and austenitic phases. The results

reported in the plots of Figure 10 are representative of

the average stress, like the element would be straight

linear with uniform stress distribution. This result

shows that the Young’s modulus is represented by a

polynomial line and not just by a linear line. According

to the experimental results, it can be seen that the

Young’s modulus is higher in the austenite state, even if

it seems to be influenced by the parameter N, too.

Moreover, the Young’s modulus can be directly calcu-

lated from the curves of Figure 10, instead of qualita-

tive information which was associated with the curves

of Figure 8. It can be seen that the stress–strain charac-

teristics of Figure 10 show a certain variation for both

the martensitic and austenitic states. In particular, it

was noted that the stress–strain characteristic of the

micro-element with M=1 seems to be far from the

other ones from a qualitative point of view. Besides, the

numerical difference on the estimation of the Young’s

modulus is also quite evident, as it can be seen in Figure

10. This difference in the mechanical response could be

explained through some reasons: (1) the presence of

some defects, introduced during the fabrication steps

and (2) variability of the material behavior.

The trends of the calculated stress–strain curves are

compatible with the literature, like that reported in [9],

while the modulus values are not in some conditions.

The authors can report some hypothesis about the
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reason of this difference between the modulus calcu-

lated and reported by the literature. The most reason-

able hypothesis about the reason of this difference

between the modulus calculated and reported by the lit-

erature is that some localized effect, far from the macro

behavior, can be associated with. This can also be con-

firmed by Rajagopalan et al. (2005). It is reported that

the stress–strain curves of martensitic NiTi using

macroscopic extensometry include strain from twinning

that results in a significant low Young’s modulus,

which are not truly representative of elastic deforma-

tion. The macroscopic measurements resulted in a mod-

ulus of 68GPa, significantly less than the 101GPa from

indentation and the lattice plane average of 109GPa

from neutron diffraction. This difference should be due

to microeffects, measured by the indentation and neu-

ron diffraction characterizations, not detectable by

macroscopic techniques. In the case of this work, this

large difference among moduli can be associated with

microeffects, depending on the micro range of the

micro-elements, while common literature reports

Young’s modulus, obtained by tensile test on signifi-

cantly larger samples with the traditional dogbone geo-

metry. Moreover, the authors would underline also

that the variability of the procedure of realization of

these micro-elements (rolling, laser cutting and etching)

does influence the final performances, shown in the

experimental testing, from which the Young’s modulus

was calculated. According to the stress–strain charac-

teristic of the current micro-element, the corresponding

stress distribution was proposed. The simulated stress

distribution in the micro-element with M=1 and

M=5 is shown in Figures 11 and 12, respectively.

The stress distribution is not uniformly distributed in

the semi-circular part of the micro-element, as it could

be expected, because of the generation of both axial

and tangential stresses. It can be seen from Figures 11

and 12 that the stress concentration is localized at the

internal surface of the semi-circular part of the micro-

element. In fact, the stress can be increased from about

42MPa in the blue colored surface (in correspondence

to the straight linear part of the micro-element) to

about 1142MPa in the red colored surface with an

applied load of 0.3N (see arrows in Figure 11).

In Figure 12, the stress distribution is depicted in the

micro-element with M=5 at F=0.1N. The maximum

von Mises stress is about 413MPa at F=0.1N in cor-

respondence to a displacement of about 400 mm.

Conclusion

In this work, a study of the thermo-mechanical perfor-

mances of NiTi SM micro-elements was proposed. The

results show that the number of curvatures N strongly

influences the tensile behavior of the martensite and aus-

tenite phases. In particular, a reduction in the Young’s

modulus and an increase in the deformation up to frac-

ture with increasing the number of curvatures M was

observed. A large displacement recovery after a thermo-

mechanical loop and a good cycling stability was also

seen. FEM was used for realizing the stress–strain char-

acteristic and for studying the stress distribution of the

micro-elements as a function of the number of curvatures

and as a function of the material state. The obtained

stress–strain characteristics, numerically calculated, were

seen to differ in function of the micro-element; this could

Figure 11. von Mises stress distribution in the micro-element with M= 1 at F = 0.3N.



be explained through the presence of some defects

(microstructural, geometrical) which increase the varia-

bility of material response. Later, the stress distribution

was reported, showing the stress concentration at the

internal semi-circular part of the micro-elements.
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