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Abstract

So far shape memory alloys (SMA) are mostly characterized by their
thermo-mechanical behavior due to the underlying thermal effect. In technical
applications however, where their benefits like low weight and compact design
become relevant, they are activated electrically. This work presents methods for
a thorough and systematic characterization of SMA wire samples under Joule
heating with the focus on aspects relevant for applications. The goal is to achieve
a precise understanding of the sensor and actuator properties of SMA wire sam-
ples with different trainings under varying loads. All experiments are conducted
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on a custom designed test bench with a commercially available NiTi wire with
72 pm diameter, which enables the direct comparisons of tensile tests to actua-
tion tests. The characterization consists of tensile tests and actuator tests with
varying load and heating power for differently trained wire samples. The results
vividly represent the influence of heating power, training and changing loads
on stroke output, working point and the functional stability of SMA actuator
wires. Especially, the evolution of the resistance signal and the influence of the
R-phase on self-sensing is discussed. The proposed method enables to compare
and choose the best suitable alloy with a fitting training for a desired application.
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1 | INTRODUCTION

Shape Memory Alloy (SMA) wires hold remarkable promise in actuator and sensor applications owing to their unique
electro-mechanical properties. These materials exhibit the ability to return to a predetermined shape after deformation
when subjected to certain stimuli, such as temperature variations or mechanical stress. Their extraordinary character-
istics, including high energy density and self-sensing capabilities, have positioned them as important components in
various engineering fields.

However, despite their potential, the comprehensive understanding of SMA wire behavior remains an ongoing chal-
lenge. The existing knowledge gaps concern the complicated electro-thermo-mechanical interactions that determine their
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functionality, particularly in terms of their performance under varying loads and environmental conditions. Address-
ing these gaps is crucial to using the full potential of SMA wires in actuation and sensing, ensuring their reliability and
optimizing their functionality in diverse applications.

This work has two main objectives: The presentation of a method for the thorough characterization of Joule heated
SMA wires from application perspective and using this method to evaluate the effects of training on the actuator and
sensor characteristics of SMA wires. The method includes tensile tests as well as a row of actuation experiments and their
interpretation. With the results, a statement for the SMA’s functional stability, the stroke output as well as the sensor
characteristics for various loads is made.

The foundational aspects of SMA (Shape Memory Alloys) have been extensively discussed in scientific literature over
recent decades.'~> Hence, the following section offers a concise overview of the pertinent elements relevant to this study.

SMAs boast the highest known energy density among actuators and uniquely integrate resistance-based self-sensing
capabilities.®® Commonly found in the form of commercially available wires, typically composed of binary
Nickel-Titanium (NiTi), these alloys, also known as Nitinol, were first explored by researchers at the U.S. Naval Ordi-
nance Laboratory in 1963.° Exhibiting varied thermo-mechanical behavior contingent upon the alloy composition, these
materials possess highly hysteric thermal and mechanical characteristics. NiTi with higher nickel content demonstrates
superelasticity at room temperature, capable of being stretched up to 10% without sustaining permanent damage.°
Conversely, the titanium-rich variant undergoes (quasi-)plastic deformation when stretched at room temperature but
regains its original geometry upon heating to the transformation temperature—a phenomenon known as the shape
memory effect (SME), allowing for the complete recovery of strains of 5% and more.?> Both effects—superelasticity
and SME—are rooted in a reversible rearrangement of the crystal lattice structure of the materials, involving a
phase transformation from martensite to austenite and vice versa, where the lattice structure is contingent upon
temperature and material stress.!! Cooling down from austenite can lead to the emergence of a third intermediate
phase called the R-Phase, intensifying the material’s hysteresis in resistivity.!>!3 SMA wires, typically consisting of
titanium-rich NiTi, are commonly activated by either electrical power through Joule heating or passively through con-
tact with a high-temperature fluid.!*!> Their exceptional energy density renders SMA wires particularly suitable for
compact and lightweight actuator systems, such as valves, small-scale gripping systems, and optical image stabiliza-
tion (OIS).1"1® Ongoing research delves into fields like continuum robots for catheters and endoscopes, as well as
bionic applications.!®-?? In these applications, the inherent self-sensing capability of SMA wires eliminates the need for
external position sensors, relying instead on the electrical resistance changes observed during the austenite-martensite
transformation. This resistance alteration is contingent upon the contemporary crystal lattice, wire dimensions, and
temperature.423

Basic material characterization of SMA is usually done with differential scanning calorimetry (DSC), temperature
controlled tensile tests or thermally-induced phase transformation under a constant stress, which is extensively done
by Churchill, Iadicola and Shaw as well as Miller and Lagoudas among others.*?426 Research is also presented on the
thermal characteristics of the electrical resistance of Niti.?’-? What most published data on SMA characterization has
in common, is that the temperature of the specimen is controlled by a medium in contact with the wire, so that the
temperature of the SMA is known. In contrast to that, the exact wire temperature is an unknown variable in real world
applications. In the field of electrically heated SMA, Lewis et al. examined Joule heated wires under convective cooling,
while Furst et al. studied the behavior and self-sensing capabilities of antagonistic Joule heated NiTi wires.'** This work
complements previous research by presenting the following topics:

« An application-oriented method for the systematic characterization of SMA wires by Joule heating.
« The direct comparison between the tensile behavior and the actuator sensor characteristics under varying loads.

« The examination of the effects of two fundamental training methods on the mechanical and electrical properties.

Using wires as actuators has many benefits compared to other forms like strips or springs. Their flexibility allows for
accommodation in tight spatial conditions, they can be bundled to scale the force with consistent dynamics, and they
can easily be mounted and electrically connected.! SMA wires react to an increase in electrical current respectively
temperature in matter of milliseconds.?! Because of the fast cooling rate and thus possible dynamics of 1 Hz to 10 Hz and
even up to 35 Hz, microwires (diameter smaller than 100 pm) have become essential in SMA driven products like OIS
and valve systems.'®32-34 Therefore, this work is based on a commercially available NiTi wire with a diameter of 72 um.
The custom designed test rig used for the experiments, is presented in®> by Scholtes et al. It features a stress-controlled
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installation system for wire insertion directly from the reel without manual handling or cutting. The setup is designed to
perform tensile tests as well as actuator tests with free to choose constant loads or springs on the same sample. For the
experiments presented in this article, three differently trained wires are examined: as conditioned by the manufacturer,
additional thermo-electrical training and additional mechanical training. The training of the SMA is also conducted on
the test rig.

A commonly known limit for the application of SMA wire actuators is the ambient temperature. It is set by the trans-
formation temperatures of the alloy, which lies typically at 80-90°C. It can be tuned for example by prestressing the wire
and thus increasing the phase transformation temperatures.®37 In “Part 2” of this research project, the actuator and sen-
sor characteristics of Joule heated SMA wires in high ambient temperatures are examined. The impact of training and
pre-stress on the shift of maximum operating temperature is investigated.

The subsequent sections of this paper are organized in the following manner: The experimental setup, the materials
and measurement methods are described in Section 2. In Section 3 follows the presentation of the training procedures
and their evaluation. In the subsections of 3, each of the differently treated samples is characterized by tensile tests and
actuator tests with various constant loads and springs. The manuscript closes in Section 4 with a conclusion including a
summary of the results and an outlook.

2 | EXPERIMENTAL SETUP, MATERIALS AND METHODS

All experiments discussed in the following are conducted on one setup, of which the design, implementation and valida-
tion is described exhaustively by Scholtes et al.>> Refer to that publication for all details on the experiments and the test
setup, which are not found in the following brief descriptions.

The test rig, displayed in Figure 1, consists of two clamps mounted on air bearings, that mechanically fix and electri-
cally connect the SMA wire. One clamp is fixed to a load cell, while the opposing one is mounted on a linear drive. The
clamps, as well as the wire sample, are positioned inside an isolating chamber to prevent ambient airflow from interfer-
ing with the measurements. The temperature inside the chamber is monitored with PT100 temperature sensors and can
be controlled. An additional motor is accessible for directly extracting the wire from the reel and securely affixing it to
the clamps in a stress-controlled manner. Herewith, after a swap of the SMA sample, repeatable measurement results are
ensured. The test rig is multifunctional, which means that it is designed to conduct tensile tests, actuator tests and cyclic
tests for shakedown experiments or training. All tests can be run on a single sample, without any further manual interven-
tion, only by switching the software. This key feature enables the direct and precise comparison of the results of actuator
tests and tensile tests, as they are performed in the exact same specimen. While the linear drive is run in position-control
mode for the tensile tests, it is run in a closed-loop force-control mode for the actuator tests, where arbitrary loads can be
mapped.

In general, all tests are run with a Joule heated wire, while it is possible to control either the electrical current or
the electrical power. The isolating chamber is also temperature-controlled, but in this paper all experiments are run at
room temperature of 23°C. It is designed to enable tests under high constant ambient temperatures but is not made
to gradually cool or heat the air inside the chamber. The parameters electrical power or current, maximum strain and
strain rate are adjustable for tensile tests. The force values are obtained by the loadcell, on which is the SMA wire is
attached via a clamp mounted on an air bearing. The strain of the wire is measured by using the internal encoder of
the linear drive. Actuator tests can be performed with an adjustable constant load or an arbitrary linear spring rate with
settable pre-stress. Furthermore, the maximum heating current and the heating cycle time are configurable. The electri-
cal supply for heating the SMA wire is provided by a custom designed constant current source with adjustable output
currents of 0 mA to 250 mA and up to 24 V. A measurement error of only 10 pA allows, in combination with the mea-
surement of the voltage drop over the wire, a precise resistance measurement also at low currents of 5-10 mA. The whole
setup is controlled, and all data is acquired with a “National Instruments” FPGA based system and “NI LabVIEW”. An
extensive discussion of the design of the test rig, the data acquisition, control and the conduct of experiments is given
by Scholtes et al.®

For all experiments in this work a “Dynalloy Flexinol HT” NiTi wire with a measured diameter dy of 72 pm (in twinned
martensite) is used.?” The initial wire length L, is always set to 100 mm in full austenite. For all following results, the wire
strain ¢ is calculated with:

L—1L,
L

€]

E =
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FIGURE 1 (A)Schematic design of the experimental setup. (B) Picture of the fully implemented test rig with closed heating chamber
including the following components: 1: load cell; 2: air bearing; 3: SMA wire reel; 4: PT100 sensors; 5: fixed wire clamp; 6: SMA wire; 7:
heating chamber; 8: moving wire clamp; 9: insulation adapter; 10: pre-stressing motor; 11: linear direct drive. (Reproduced under terms of the
CC-BY license Copyright 2023, Scholtes et al., published by MDPI.)**

The engineering stress ¢ is calculated with
o= ()

where F is the measured force and Ay is the initial cross-sectional area of the wire at the length L,, which is calculated by

T
Ap = Z X dg (3)
For a better comparability, no absolute values for stroke or force are discussed. Also, if not described otherwise, a
reset procedure is run on the NiTi wire before each experiment. For that, the wire is slack, heated to full austenite and
cooled down under these stress-free conditions. This measure ensures that the wire is in the same initial state before

every test.

3 | EXPERIMENTS AND RESULTS

The presented characterization method is used to examine the effects of different trainings on the actuator and sen-
sor characteristics, as well as the basic material properties of NiTi wires. The “Dynalloy” wire comes conditioned and
ready-to-use. It exhibits a stable material behavior at stresses of up to about 200 MPa, which is typical for commercially
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available SMA actuator wires.3=38 This “as delivered” state of the wire is characterized as reference. With stress limited
to 200 MPa, SMA actuators usually exhibit a good fatigue life, but there are some drawbacks. To achieve higher forces
the installation space increases, because wire bundles or a transmission stage combined with longer wires are needed.
A higher material stress results in a more compact and lightweight system with higher force output and can be used if a
shorter lifecycle is acceptable. Therefore, the goal of this research is to achieve a stable stroke and resistance characteristics
of the SMA wire at up to 400 MPa of material stress with additional training. It is expected that the thermal, mechanical
and electrical characteristics of the SMA actuator wire change and loads above 200 MPa. A residual strain and a shift in
working point are the most pronounced effects that are anticipated. Two different trainings are conducted on separate
samples. In one method, the wire is thermally cycled, while a constant stress of 400 MPa is applied until it reaches a stable
condition once more. The temperature is controlled with a triangular current signal run through the wire. The triangu-
lar current signal provides a varied and continuous input, allowing for a more comprehensive analysis of the SMA wire’s
response across a range of stimuli compared to a square wave for example. It helps to understand the wire’s response
under changing current levels, especially concerning stress, strain and resistance. The second method is a mechanical
training, where the wire is activated by a constant electrical power and is repeatedly stretched with a constant strain rate
of 0.01s7! to 5.5% strain until the residual strain no longer increases.

All three specimen then undergo a so called “basic characterization”, which consists of a set of five tensile tests with
varying heating power and a certain strain. To paint the whole picture, two more tensile tests are added, where the NiTi
wire is pulled in full austenite as well as full detwinned martensite up to 400 MPa. The results allow to extract many
important material parameters and perform a first comparison of the training methods. To evaluate the actuator-sensor
properties and validate the functional stability, four different actuator tests are performed with each sample: two sets with
a constant load of 200 and 400 MPa as well as two sets with spring loads ranging from 100 to 200 MPa and 200 to 400 MPa.
These loads are chosen due to their relevance for applications. With up to 200 MPa of stress it is possible to achieve
more than one million activation cycles, while up to 400 MPa still enables an acceptable lifetime of the actuator-sensor
system with a doubled force output.’® Comparing spring loads of varying stiffnesses to constant loads, helps to grasp
the influence of the slope of a load and enable inter-and extrapolation. The characteristics of loads significantly differ-
ent than discussed in this paper need to be examined separately, which can be done with the methods introduced in
this work.

The order in which the results are discussed does not correspond to the order in which the measurements are car-
ried out. Also, they are not necessarily run on the exact same piece of NiTi material. Depending on the loads that
the wire has to endure, a new sample is installed in the test rig and trained accordingly once again for the following
experiments.

3.1 | Thermal training

In this subsection, the execution and results of the (electro-)thermal training procedure are discussed. The NiTi wire
is loaded with 400 MPa of constant stress. A maximum current of 180 mA with a triangular signal shape and 40s
cycle time is run through the wire to heat it. The current does not fall below a threshold value of 10 mA to ensure
a consistent resistance measurement. In Figure 2 the timings of current, voltage, electrical power, strain, stress and
resistance are displayed for the first ten cycles of the training procedure. The training procedures shown here are
also known as shakedown response.?82%3 Especially in the first ten cycles, the typical ratcheting and plastic shake-
down behavior for martensite-austenite transformation of NiTi is observed in the strain and the resistance data
in Figure 2.

For all 100 cycles, the same ratcheting and plastic shakedown is displayed in Figure 3 in the strain versus power graph.
“Ratcheting” describes the movement of the working range in positive strain direction. The maximum martensitic strain
of the wire increases about 0.73% from 6.93% (1st cycle in Figure 3) to 7.65% (return point of the last cycle in Figure 3).
This plastic shakedown can be seen in Figure 4 on the left. With 2.18% (from 1.08% to 3.26%), the increase of minimum
strain in austenite is greater the change in martensite strain. The reason for these observations lies in microstructural
changes within the SMA wire, induced by the repeated heating and cooling under load. This causes changed in the
arrangement of the crystal lattice and leads to altered stress—strain curves, residual strain and changing transformation
temperatures.

Here it should be noted, that due to the reset procedure before the experiment, the characteristics of the first actuation
cycle always deviates from the rest of the results with a lower starting strain in martensite. As the wire is cooled down with
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FIGURE 2 Measurement data of the first ten cycles of the thermal training plotted over time. Presented are the triangular activation

current signal with an amplitude of 180 mA and a cycle time of 40 s as well as the resulting values of voltage, power, strain and resistance. The
stress is held constant at 400 MPa.
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FIGURE 3 Results of the Joule heated thermal training experiment with 100 activation cycles. Illustrated are the evolution of strain
versus power (left) and electrical resistance versus strain (right) with first and last cycle highlighted in color.
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graph on the right shows the difference in strain between each cycle and the preceding one (derivative) for max. and min. strain.

no stress applied, a certain portion of twinned martensite is formed because of the SMA wire’s intrinsic two-way-effect
(TWE) as described in.*® A stable detwinned martensite is only formed after the first activation cycle when cooling under
tensile stress. This is also evident in many results in the following subsections.

As criterion for the stability of the sample after the training, the derivative of strain Aguin is used. The evolution of
the derivative for max. and min. strain with the training cycles is depicted in Figure 4 on the right. The chosen threshold
value for Agy,in for a functional stability is 0.005%, which is reached for the max. strain after 30 cycles and for the min.
strain after 90 cycles. The result after 100 cycles is @ Agiain max 0f 0.000% and a Agqain min 0f 0.003%.

The resistance evolves according to the strain, which is displayed in Figure 3 on the right. Neglecting the inconsistency
of the first cycle (green), the martensite resistance starts at 24.4 Q and rises to 24.7 Q (red) with the training, due to the
increased absolute length of the wire. Because of the reducing contraction, which leads to an increased minimum length,
the austenitic resistance starts at 20.5Q (green) and ends up at 22.5Q (red) after 100 cycles. Before the start of phase
transformation and after the transformation is finished, the temperature influence on the wire resistance predominates
and the typical increase in resistance occurs, visible in Figure 3 on right and in the resistance signal in Figure 2. It is
pronounced at the start of transformation as the martensite slowly heats to A temperature. Overheating does not occur,
which is why the curvature in the resistance signal is not mirrored in the area of full contraction.

3.2 | Mechanical training

The mechanical training corresponds to cyclic tensile tests with a maximum strain of 5.5%. The wire is heated with
controlled electrical power of 0.35W to reach an initial upper plateau stress (UPS) of about 450 MPa. For low strain
rates, leading to isothermal experiments, the wire temperature can be assumed as constant, when the electrical power is
constant. In Figure 5, the timing of the first ten training cycles of the with a strain rate of 0.01 s7! is illustrated.

The values of voltage, current and resistance react to the deformation of the wire. The stress signal evolves with
progressing cycles, and remanent strain as well as a drop in UPS are recognizable. The change in shape of the
stress—strain-hysteresis over 100 tensile cycles is displayed in Figure 6 on the left. The cause, as already explained in
Section 3.1 lies in the in microstructural changes within the SMA, which is in thus case induced by repeated loading and
unloading in a high temperature state. The level of the UPS drops from about 455 MPa in the 1st cycle to 383 MPa (both
at 3% strain) in the last cycle. While that happens the negative slope in the transformation plateau evolves to a constant
one. The stress at 5.5% increases from 450 to 468 MPa.

The lower plateau stress (LPS) starts at 190 MPa (at 3%) and, also because auf an increase in slope, rises to 205 MPa.
Overall, the hysteresis becomes narrower with the mechanical training. The plastic shakedown manifests in the remanent
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FIGURE 5 Measurement data of the first ten cycles of the mechanical training plotted over time. Presented are the loading and
unloading signal with a strain rate of 0.01s7! at a constant electrical heating power of 0.35 W. Also, the resulting values of current, voltage,
resistance and stress are depicted.
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FIGURE 6 Results of the mechanical training with 100 cycles of 5.5% strain and 0.35 W heating power. The left plot illustrates the
evolution of stress versus strain and the plot on the right the resistance versus strain behavior. First and last cycle are highlighted in color.

strain €., that is represented in Figure 7 on the left, where the max. value of 0.72% is reached after 100 cycles. Equal to
the thermal training, a Again 0f 0.005% is set as threshold of the stability criterion, which is reached after 77 cycles. The
evolution of the derivative of remanent strain Ag.in is displayed in Figure 7 on the right.

The resistance signal, represented in Figure 6 on the right, shows an almost linear behavior in relation to strain. In
the 1st cycle the resistance starts at 19.5Q in full stress-free austenite and increases to 25.4 Q at the end of the transfor-
mation plateau. After 100 tensile cycles to 5.5% strain, this maximum value drops to 25.1 Q, while the minimum value
increases to 19.9 Q resulting from the remanent strain. In the area of the austenitic branch, the resistance signal shows
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FIGURE 7 The graph on the left outlines the formation of remanent strain over the cycles of the mechanical training with a Joule
heated wire sample. The graph on the right illustrates development the derivative of remanent strain over the training cycles.

a lower slope before the UPS is reached. In the linear region, a decrease in resistance between 1st and last cycle of 0.3 Q
is observed.

3.3 | Characterization based on tensile tests

In the following, the execution and results of the first part of the characterization method are discussed. It is called “basic
characterization” and consists of a set of several tensile tests with varying heating power and strain. With the experimental
data, many material parameters like Young’s modulus, width of the mechanical hysteresis and resistivity are determined.
The basic characterization is performed with each version of training: the untreated wire as it comes from the manufac-
turer, the wire with an additional mechanical training as described in Section 3.1 and the wire with an additional thermal
training as described in Section 3.2. The results of stress and resistance in relation to strain for each sample are graphically
displayed in Figure 8. The maximum strain €4, results of the strain necessary to reach 200 MPa of stress in martensite at
room temperature. No offset caused by remanent strain is subtracted, and every experiment starts at the position of L as
described in Section 2.

The basic characterization consists of five tensile tests with four different power values. The power levels are identified
in preliminary tests of the untreated wire sample and are defined by the UPS of the tensile tests. The highest power is set
to produce a UPS of around 550 MPa (+/— 20 MPa), with the UPS of medium and low power lying 100 MPa, respectively
200 MPa lower. Higher stresses result in plastic deformation of the NiTi wire and are not producing significant results
from an application perspective because of low fatigue life. The strain rate is set to 0.01s~! for all tensile experiments.
The experiments plotted over time can be found in the “Data S1” section. Two tests are run with only a measurement
current of 10 mA applied, which produces a power of around 1 mW. That does not measurably affect the wire temperature.
The sequence of the tensile tests for the basic characterization starts with these experiments with no electrical heating,
aiming to measure the detwinning of the martensite (black curves in Figure 8) as well as the elastic branch of detwinned
martensite (red curves in Figure 8). The power is then gradually increased to 0.29 W (green), 0.35W (pink) and 0.41'W
(blue).

For the untreated wire, a maximum strain of 5.5% is set. The first test with no heating power shows almost no intrinsic
TWE, a transformation plateau with a stress starting at 30 MPa and rising to 80 MPa is recognizable. The stress slowly rises
between 0.2% and 4%, where the slope increases and leads to 210 MPa at 5.5% strain. The usual explanation for this behav-
ior is the reorientation from twinned martensite (of which the macroscopic geometry with no stress applied corresponds to
that of austenite) to detwinned martensite. However, Churchill et al. and Gori et al. showed that “Flexinol”, as many other
NiTi actuator wires as well, form R-phase fractions when cooling down from austenite at low stresses.?”-?® The R-phase
does not have a significant influence on the mechanical properties of NiTi, which is why it is often neglected. Although,
when considering the resistance data of the untreated wire in Figure 8, its influence on the sensor characteristics becomes
clear. When using a passive SMA actuator wire as a position sensor as can be done for example in an antagonistic wire
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FIGURE 8 Results of the basic characterization tensile tests of three differently trained NiTi wire samples. The left column shows the

stress versus strain hysteresis for heating powers from 1 mW to 0.41 W and the right column illustrates the corresponding resistance versus

strain plot.

setup, a linear behavior of this wire is expected. In this case however, the hammock shaped resistance-strain curve makes
the signal interpretation of a passive wire more difficult.
The initial value of the resistance of the “1 mW 1.” test is at a higher level than expected from martensite at L. The

explanation might be attributed to the heightened resistivity found within the partially present R-phase (pg) of the alloy.

After a small increase of the resistance from 23.4 to 23.5 Q, the resistance signal forms a hammock shape where it drops
to 23.2Q at 2.2% of strain, and then starts to slowly increase. The maximum value in elastically strained, detwinned
martensite at 5.5% strain amounts to 24.2 Q. The conclusion of these observations is that the crystal lattice of the NiTi wire
transforms to a mixture of martensite phase in twinned configuration with a large portion of R-Phase when cooled down
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from austenite under stress-free conditions. During the tensile test, the R-phase is detwinned and deformed to martensite
phase, which is detwinned at the same time.

The second tensile test with no heating power results in a linear resistance behavior, starting at a constant resistance
of 23.6 Q as long as the wire is slack and reaching 24.1 Q at the peak. The mechanical behavior of the twinned martensite
is elastic, starting at 4.8% with a neglectable hysteresis. The low-, medium- and high-power experiments show properties
similar to each other, while the mechanical hysteresis moves to higher levels with increased power, respectively wire tem-
perature. The 0.29 W test results in a hysteresis width of 250 MPa. With increasing power, the hysteresis width increases
slightly leading to a width of 258 MPa at 0.35W and 273 MPa at 0.41 W. The width of the hysteresis, as well as UPS and
LPS (displayed in Table 1) are measured at the strain value &y, halfway through the loading cycle that calculates with

Erem T Emax 4

Enyst = 5

The resistance signals of these tensile tests appear to behave linear but feature a curvature change where the austenitic
branch ends and at the end of the transformation plateau. The latter is not well pronounced in the experiments displayed
here, as the tensile test does not fully enter the elastic branch of the stress induced martensite. The slope of resistance in
the elastic branches of austenite and martensite differ from one another, due to their difference in resistivity. Both their
slopes are lower than the slope in the region of the transformation plateau, which is to be observed on close inspection
in Figure 8. The reason for this behavior can be found in the complex Poisson’s ratio v of NiTi.*! While the resistivity p of
an SMA wire at a certain temperature is approximated by

A
=RX—=. 5
p 7 (5)

where R is the measured resistance, L is the current wire length and A the current cross-sectional area of the wire, which
is calculated with

Azgxdf)x(l—vxe)2 (6)

and thus, depends on the variables strain £ and Poisson’s ratio v. The different resistivities of austenite p, and martensite
pm do not explain a steeper slope in the transformation plateau. They are quite similar with martensite having a slightly

TABLE 1 Collection of the material properties extracted from the characterization by tensile experiments for 3 differently trained wire
samples.

Value Untreated wire Mechanical training Thermal training
Emax IN % 5.5 5.5 6.5
Erem 10 % = 0.39 1.63
TWE in % 0.12 3.42 5.05
0 at £ygy in MPa 541 526 537
UPS in MPa 557 502 457
LPS in MPa 284 289 307
Hysteresis width in MPa 273 213 150
Hysteresis area in J 5.0 3.5 2.0
E, in GPa 75.2 70.7 52.3
Ey in GPa 37.2 36.2 35.5
pain 1077 Qm 8.06 7.95 8.08
pyp in 1077 Qm 8.66 8.53 8.50
prin 1077 Qm 9.57 - -
AR max. in Q 6 5.5 49
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higher value. The alloys resistivity gradually changes with the evolving phase fractions. However, an increased v in the
transformation plateau suits as an explanation, as Equations (5) and (6) demonstrate. For elastic deformation of metallic
alloys v is typically in the region of 0.33, while (quasi-)plastic deformation leads to isochoric behavior and a Poisson’s ratio
of 0.5. This indicates that the nonlinearity in wire resistance data under tensile loads results from the nonlinear Poisson’s
ratio of NiTi.*! The behavior can also be observed in the experimental results of Lewis et al.'* However, the assumption
needs further investigation.

Also, it is to be observed in the measurement data that the mean slope of the resistance versus strain plot increases with
increasing power, leading to a maximum resistance value of 25.5 Q. In Figure 9 additional tensile tests for the evaluation
of remanent strain &, Young’s modulus of martensite phase (E)) and austenite phase (E4) as well as the estimation of
actuation stroke are displayed. The tensile tests in the elastic region of full austenite and fully detwinned martensite are
performed up to a stress of about 400 MPa. The untreated sample (Figure 9A) does not exhibit any remanent strain, as
it is not cycled before the basic characterization. The quasi-plastic residual strain in martensitic phase detwinned with
400 MPa and 6.5% strain is 5.3%. The elastic moduli are displayed together with all other material properties in Table 1.
They are calculated by a linear approximation of the slope of the elastic branches.

Examining the basic characterization of the mechanical training, an increase in intrinsic TWE to 3.5% can be found
in Figure 8 in the middle row. With that the appearance of the R-phase also seems to be reduced, as the resistance is lower
than in the previous experiment although the wire length is increased to 103.5 mm. The resistance levels in general are
slightly lower compared to the untreated wire, except for the initial values with heating power, matching the results of
the mechanical training. The results of mechanical hysteresis are also comparable to the results in Section 3.2, where the
UPS decreases, and the slopes of the plateaus increase. The active strain, where the wire is actually loaded, in the basic
characterization is reduced to a maximum of 5%. The residual strain extracted from the full austenite data in Figure 9B is
0.37%.

Moving to the results of the thermal training, it can be determined in Section 3.1 that the ratcheting and plastic
shakedown move and reduce the working range of the SMA actuator wire. Therefore, the maximum strain of the basic
characterization must be increased to 6.5%. The maximum active strain, where the wire is not slack, is reduced to 4.45%
starting at 2.05% with a power of 0.41 W. The intrinsic TWE extracted from the first cold state experiment is 5.05%.
The remanent strain is 1.6%, as visible in Figure 9C. The shape of the hysteresis is changed dramatically compared to
the untreated wire, which is also reflected in the hysteresis area listed in Table 1. It is compressed in strain direction, the
transformation plateaus are less pronounced and a more homogeneous transition from the austenite branch, through
the transformation plateau to the stress induced martensite branch is observed. The hysteresis width is reduced to about
150 MPa.

There is no more evidence of the R-phase in the resistance results of cold state tensile tests. The initial resistance level
is unchanged compared to the untreated wire, although the wire length is increased as a result of the training. The course
of the resistance signal of the austenitic tests is shifted in the direction of positive strain and reaches a maximum value of
25.6 Q. That corresponds almost to the maximum of the untreated wire with 1% lower strain. The reason can be found in
the higher starting strain of the mechanical response and the increased nonlinearity of the resistance curve. This results
from the changed transformation behavior, which also manifests in the mechanical hysteresis. When studying Figure 9

600 600 600
1mw 2. —imW 2. —ImW 2.
© 0.65 W © 0.65W © 0.65 W
S 400 < 400} < 400
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7)) [} 1]
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FIGURE 9 Results of tensile tests with maximum power (0.65 W) resulting in full austenite (red) and without heating power (1 mW)
resulting in full detwinned martensite (black), while the stress is restricted to 400 MPa. The data for the three differently treated samples are
depicted. “A”: untrained wire, “B” mechanically trained wire, “C” thermally trained wire.

RIGHTS LI L)

85U80]7 SUOWILLOD BA 1810 3(eo!dde ayy Aq peusenob afe ssoiie VO ‘8sn Jo Sa|ni Joj Afeld T 8UlUO A8]IAA UO (SUORIPUOD-PUR-SLUB)AL0O" AB 1M ALe.q 1 |Bul JUO//:SdNL) SUORIPUOD pUe SWie | 81 88S " [7202/0T/52] Uo Akidiauljuo A8 |1 ‘sspueliees e 1eIseAIUN Aq 298ZT ZBUB/Z00T OT/10p/L00 A3 1M AIq Ul |UO//:Sdny WOy peapeojumod ‘0T *v20Z ‘961852


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Feng2.12867&mode=

SCHOLTES ET AL.

- m 13 of 22
Engineering Reports__ ..., IRV

and comparing the slopes of the elastic martensite and austenite branches, it is apparent that both training methods
reduce the E,4, of which the exact values are displayed in Table 1.

To sum up, the results of the characterization with tensile tests leads to the conclusion, that training the wire with
either of the proposed methods influences the sensor and actuator characteristics of an SMA wire. The stability of the
R-phase is reduced with both training methods. This leads to easier signal interpretation on thermally passive wires, that
are stretched to use as position sensors. The working point of the actuator shifts, especially after thermal cycling and the
stroke is also reduced.

To design an SMA actuator system, the tensile tests up to 400 MPa in full austenite and fully detwinned martensite
(Figure 9) are a proper tool to graphically estimate the maximum stroke that an SMA actuator generates in combination
with a certain bias load. By drawing the characteristics of the bias system (e.g., a linear spring) in the stress-strain dia-
gram, the stroke can easily be read from the intersection points with austenite and martensite curve. With the help of
the resistance data, the necessary voltage and current supply can already be determined in an exact manner. The resis-
tance range for self-sensing is also already known, which helps for the preliminary design of the electronics. For the exact
behavior of the sensor signal however, the results of actuator tests, as discussed in the following paragraph, are necessary.

3.4 | Characterization of the actuator behavior

In this subsection, the results of actuation experiments with the introduced wire samples are discussed. The goal is to
determine the influence of the different training methods on the actuator and sensor properties of the NiTi wire. These
properties are the functional stability under high loads, the output stroke and the characteristics of the resistance sig-
nal. The characterization is performed with four different loads. In the low stress region, a spring load corresponding a
pre-stress of 100 MPa and a max. stress of 200 MPa and a constant load corresponding a stress of 200 MPa are examined.
In the high stress region, a spring load generating 200 to 400 MPa of stress as well as a constant load with 400 MPa are
investigated. The experimental data plotted over time is displayed for one experiment in the main text. The remaining
experimental data over time can be found in the “Data S1” section. The section is structured after the load used in the
experiment, so that the characteristics of the samples can be compared to each other by means of the same load. For the
evaluation of the actuation tests and the samples functional stability under a certain load, the activation cycle is repeated
three times for each experiment. The first cycle usually defers from the remaining cycles due to the wires “load history”. In
the following this is to be observed for constant load experiments only. Due to the experimental procedure, a preliminary
actuation test is necessary for the spring force experiments to set the right pre-stress.

3.4.1 | Low stress actuation with spring load

For all following experiments a triangular signal with controlled current is used to heat the SMA wire and trigger the trans-
formation. The amplitude of the electrical current is defined in preliminary tests to ensure a fully transformed austenite
state for each stress level. For the experiments with low stress, the peak current is set to 160 mA. As displayed in Figure 10
the cycle time of the signal is 40s to ensure a clean force control of the linear drive in the test rig and enough time for
the wire to cool down at low currents. The current signal has an offset of 10 mA for a continuous resistance measure-
ment. The pre-stressing and unloading path, visible in stress versus time in Figure 10, are not depicted in the strain and
power plots discussed in the following, as they are not part of the actual experiment. The timing plots of all remaining
experiments can be found in the “Data S1” section.

It is expected that the results of the low stress experiments show a good functional stability, and that no difference is
to be observed between the first and third cycle. The stability is measured in the same manner as described in Section 3.1.
In fact, these expectations are met by all three samples as is illustrated in Figure 11, where the three cycles cannot be
distinguished in each case. No buildup of residual strain or shift in working point is observed. For one sample, the heating
and cooling are indicated with arrows in the plot in Figure 11. This can be transferred to the rest of the data in this work,
as the pattern stays the same.

The stroke of the untreated sample is 4.8% and is reduced by the plastic shakedown and ratcheting in both results of the
trainings. The mechanically trained wire has an actuator stroke of 4.4% and the thermal training reduces the stroke to 4%.
Here it is to be noted that the working range is moved by about 1% compared to the mechanical training, as was already
observable in the basic characterization. Instead of strain versus temperature plots, in Joule heated experiments strain
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FIGURE 10 Timing of all measurements of the actuator experiment with controlled current in triangular shape, using the untreated
wire sample. The bias is a linear spring load corresponding 100 MPa of prestress and 200 MPa maximum load.

versus electrical power plots are investigated. Without further ado, the electrical heating power cannot be correlated to a
certain temperature. But due to the slow cycling the behavior is qualitatively very similar to strain versus temperature. In
general, it is also possible to extract transformation powers as a replacement for the transformation temperatures. But as
they strongly depend on the ambient temperature, this is neglected in this work.

It can be observed in the strain-power hysteresis in Figure 11, is an analogy to the results of the mechanical hysteresis.
The training reduces the hysteresis width and changes the slopes. The transformation points are less pronounced and
especially the thermal training results in a homogeneous transition from martensite to austenite. While the untreated
wire forms a curve parallel to the x-axis when in full austenite, the trained wires still have a downward slope. A higher
power would lead to slightly increasing contraction.

Looking at the resistance over strain behavior in the left column of Figure 11, a distinct hysteresis is recognized. The
resistance of the untreated wire starts at 23.5Q in cold state and drops to 19.9 Q in full austenite. This corresponds to a
change in resistance of 15%. The peak in resistance in the heating path results from the temperature influence before the
main part of the phase transformation starts. After that, the heating path follows the strain in a linear manner until the
minimum strain is reached and an increase in electrical power leads to another temperature related rise of the resistance.
The course of the cooling is nonlinear and two changes in slope at about 1% and 4% of strain are recognizable. This
hysteretic behavior in resistance is another evidence of the R-phase that forms when the NiTi wire cools down from
austenite at low stresses. The influence of this intermediate phase on the resistance versus power plot can be observed
in the first row and second column of Figure 11. The heating branch of strain and resistance both show distinct and
overlapping characteristics in the area of the phase transformation. The cooling branch is different, and the resistance
shows a round and homogenous shape, not directly following the strain of the wire.

The results of the mechanical training show a reduced width of the resistance hysteresis related to strain and power.
This means that the formation of R-phase is reduced, as can also be observed in Section 3.3. The thermal training reduces
it even further, and the hysteresis is reduced to a max. width of 0.3 Q, coming from 1 Q for the untreated wire. Also, the
course of the cooling branch of the resistance and strain versus power move closer together.

At this point, the conclusion for low stress actuation is, that a training reduces the maximum stroke that can be reached
with the actuator and a thermal training also moves the working point due to the plastic deformation. This confirms the
findings of the tensile tests. On the other hand, the decrease of the resistance-strain hysteresis is remarkable, especially
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FIGURE 11 Actuator experiments with a linear spring load corresponding 100 MPa of pre-stress and 200 MPa of maximum load.
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Results for the three differently trained samples are depicted. The left column displays resistance and stress versus strain and the right

column resistance and strain versus power.

due to the thermal training. It has a positive effect on the self-sensing capability, as complicated control algorithms to

compensate the hysteresis are not necessary.

3.4.2

Low stress actuation with constant load

Strain in %

N w N (6)] » ~ (o]
Strain in %

-

Strain in %

-

The test parameters in this section are unchanged to Section 3.4.1, except for the load that is now kept constant at 200 MPa.
The first cycle of each constant load experiments starts at a lower martensitic strain than the following cycles. This is
because a tensile load of 200 MPa without thermal cycling does not fully re-orient the martensite crystal lattice and a small
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FIGURE 12 Actuator experiments with a constant load of 200 MPa. Results for the three differently trained samples are depicted. The

left column displays resistance and stress versus strain and the right column resistance and strain versus power.

amount of twinned martensite is left. After the first heating cycle and cooling under stress, the crystal lattice transforms
to a higher amount of detwinned martensite, and results in an increased strain.
This phenomenon has to be taken into account, when SMA driven systems are designed. Especially the mounting

procedure of the SMA wires and commissioning of the final system is affected. None of the samples show stability issues.

With the higher stress in martensite, the maximum strain of the SMA wire is increased and with that also the stroke of
the actuator. As depicted in Figure 12, the stroke of the untreated wire amounts to 5.3%. The mechanical training reduces

it to 5% and the thermally trained wire produces a stroke of 4.6%. This means that the stroke is increased by roughly 0.5%
for all training variants due to the higher bias stress.
The slope of the strain versus power plot of the untreated wire is almost vertical when the phase transforma-

tion happens. Compared to a spring load, the stress-dependent transformation temperature stays the same and is not
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depending on the strain. A spring load on the other hand, leads to a changing transformation temperature, increasing
with decreasing strain. The shapes of the strain-power hysteresis change in the same manner as before. Their width
decreases, transformation points evolve to transformation areas and the austenitic branch keeps a slight downward
slope.

The general characteristics of the wire resistance relates to that of Section 3.4.1. The R-phase related resistance-strain
hysteresis is recognizable in a similar way. However, the second curvature change at higher strains, that is observed
with the spring load, is gone. This leads to a smaller hysteresis area, with a maximum width of 1 Q for the untreated
wire. As before, both trainings reduce the hysteresis width and area. The thermally trained wire shows a max. hys-
teresis width of only 0.1 Q. The round shape of the cooling branch in the resistance-power plot, that does not follow
the course of the strain is most pronounced in the results of the untreated wire in the first row and second col-
umn in Figure 12. Both trainings reduce this phenomenon. The training creates a less distinct transformation and a
reduced R-phase proportion, the shape of the resistance-power hysteresis becomes smoother and moves closer to the
strain-power plot.

3.4.3 | High stress actuation with spring load

As the goal of the training procedure is to reach a stable behavior of the SMA wire also under high stress, the following
results show the necessity for this measure and the outcome for the two methods that are compared. For the high stress
actuation experiments, the maximum heating current is increased to 180 mA, while the cycle time is unchanged at 40s.
The pre-stress of the linear spring corresponds to a stress of 200 MPa and the maximum stress is 400 MPa. The average
stroke of the untreated SMA wire is 4.9% but reduces about 0.05% with each cycle. That is ten times higher than the
stability criterion defined in Section 3.1.

As expected, the untreated wire, as conditioned by the manufacturer, is not stable at this stress level. The mechanical
training improves the stability to 0.02% strain difference between the cycles at an average stroke of 4.6%, while the thermal
training shows a stable behavior with 4.1% of stroke.

As displayed in the left column of Figure 13, the hysteresis of resistance in relation to strain is reduced drastically
with the higher stress in all three samples. What stays recognizable are the loops at the beginning of the activa-
tion and at the end of the transformation. They are a result of the thermal hysteresis and the difference between
martensite and austenite transformation temperatures. Neglecting these loops, the main course of the resistance sig-
nal behaves linear with almost no hysteresis. An exception is made by the untreated wire sample, where a slight
hysteresis due to an increase in resistance is observed starting at 4.5% of strain and 250 MPa. The increased material
stress suppresses the formation of the R-phase, while both trainings additionally reduce the effect. A stable behav-
ior of the SMA wire with the examined spring tension is only achieved by prior thermal training. The mechanical
cycling does unfortunately not create a sufficiently stable actuator. Having future production lines in mind, where
actuator need to be trained for their specific application, the mechanical training would have been beneficial due to
faster and easier implementation. It should be examined in further research, if a prior thermal training with the exact
load as used in the actuator application (in this case 200-400 MPa spring load), would lead to the same stable behav-
ior and better stroke output. Then, also the influence of the applied training load on the reduction of the R-phase is
of interest.

Looking at the data in the power domain on the right column of Figure 13, the linear spring force leads
to a similarly angled behavior in the transformation region like in Section 3.4.1. As before, training increases
this angle, and the transformation start is less pronounced. A higher stress increases the quality of the resis-
tance signal for self-sensing by eliminating the hysteresis almost to full extend. This makes the data eas-
ier to interpret but comes with the cost of reduced stroke and a training procedure for a stable behavior
is required.

3.4.4 | High stress actuation with constant load

The final experiments discussed in this article are the actuation tests with 400 MPa of constant load. As before, the wire
is Joule heated by a current controlled triangular signal with 180 mA of amplitude and 40 cycle time. The results for all
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FIGURE 13 Actuator experiments with a linear spring load corresponding 200 MPa of pre-stress and 400 MPa of maximum load.

Results for the three differently trained samples are depicted. The left column displays resistance and stress versus strain and the right

column resistance and strain versus power diagrams.

samples are displayed in Figure 14 in the strain and power domain. It can be deduced from the previous sections that the
untreated wire sample is not stable and basically the first three cycles of the training method displayed in Section 3.1 are

to be observed here as well.

Pre-stressing the untreated SMA wire in twinned martensite to 400 MPa results in a strain of 6.6%. After the first
activation cycle the martensitic strain increases to roughly 7% and an average stroke of 5.7% for the untreated wire is
there. The trained variants behave similarly with 5.4% of stroke resulting from the mechanical training and 4.8% from the

thermal training.

The mechanical training does not create a functional stability at 400 MPa actuation stress, as can be expected from
the experiments discussed in previous sections. The thermally trained wire can on the other hand be expected to behave
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FIGURE 14 Actuator experiments with a constant load of 400 MPa. Results for the three differently trained samples are depicted. The

left column displays resistance and stress versus strain and the right column resistance and strain versus power.

stable. The experiments discussed here have equal parameters like the thermal training, which met the stability criterion
after 100 cycles. Therefore, only the first cycle of the actuation test of the thermally trained SMA wire shows the typical
gap, known from the other experiments discussed in the previous sections.

In the first cycles of all three samples the resistance peak at the start of activation is higher than the following
two. An explanation can be, that fractions of the R-phase with higher resistivity are present. It is apparent that for all
three wire samples, the resistance versus strain behavior is still less hysteretic than these of the low stress experiments.
However, the loops at the start and end of the heating phase are more pronounced than with 200-400 MPa of stress

in Section 3.4.3.

The shape and behavior of the resistance and strain hysteresis in the power domain are similar to those in Section 3.4.2,
with almost vertical course in the transformation for the untreated sample and the same evolution with the training as
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described previously. Different than in the low stress results, the resistance follows the strain in a close manner, which
leads to the small hysteresis in the strain domain.

It can be derived, that increasing the material stress reduced the resistance hysteresis only so far. The experiments
with a constant load of 400 MPa show again slightly larger hysteresis for resistance strain, that are not due to the R-phase.
The load profile plays a large role in designing SMA-actuator sensor systems and the maximum load is no sufficient
information.

4 | CONCLUSION AND OUTLOOK

The article presents a new application-oriented method to characterize SMA wires for their use as Joule heated actuators
with self-sensing. By means of the proposed procedures the exact behaviors of resistance and strain for arbitrary loads
and different heating powers are investigated. With the help of a custom designed test-rig, all tests are run on the same
sample and tensile tests can be compared to actuation tests. Prior to that, various trainings can be performed on the wire
sample. The method is not restricted to the parameters used in this work and it is possible to examine any kind of thermal
SMA actuator wire from 20 to 100 pm diameter with respect to their suitability for a certain application. Additionally, the
tensile tests give us the basic material parameters to compare alloys and trainings.

In this work, the influence of mechanical and thermal training on the material and actuator-sensor properties on
the example of “Dynalloy Flexinol HT” are investigated. It can be concluded that the training of an SMA wire should be
adapted to the load in the target application. That means that thermal training is to be preferred for an optimal utilization
of the stroke. The thermal training reduces the hysteresis in the resistance signal and enables a stable material behavior
at loads up to the training stress. Higher bias stresses in an application suppress the R-phase and lead to a more linear
resistance curve, which makes the interpretation of the sensor signal easier. With higher stress, a more efficient use of
space is enabled. When the actuator force is scaled by wire bundling or transmission stages instead, the installation space
does increase. In recent research on soft and bending SMA actuators the findings of this work is able to help improving the
actuation performance of the wire, by supporting the choice of the right training.**** Also, the findings of the proposed
research can be transferred to these kinds of actuators to improve the understanding and utilization the self-sensing
capabilities better.*>

The proposed methods are to be used in future work to further investigate how to tune certain properties of SMA
wires by using specific training parameters. Examining the training with additional waveforms such as square waves,
longer cooling periods and also different load profiles will be an essential part of it. Further research on the resistivity
and its dependency on the Poisson’s ration is also of interest. Therefor a precise and continuous measurement of the wire
diameter during the phase transformation is necessary. In general, a manifold of other studies on various parameters and
stimuli can be done. Due to its the multifunctionality, the utilized test platform will be at the core of several research
topics to come.

In “Part 2” of this work the limits for SMA actuators in high ambient temperatures and how to push them with
training and increased material stress are investigated. An exemplary actuator is designed and tested by means of the
hardware-in-the-loop feature of the test rig under high ambient temperatures.
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