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Zusammenfassung

Die Dissertation gliedert sich in zwei Themenbereiche. Im ersten Block wird die Entwicklung
eines multifunktionalen Prifstands fir Zugversuche und aktorische Tests an FGL-
Mikrodrahten diskutiert. Er erlaubt prazise Messungen ihrer anwendungsrelevanten
Eigenschaften. Damit werden Methoden entwickelt, um den Einfluss von Training auf das
Verhalten der Drahte zu untersuchen. Es zeigt sich, dass elektro-thermisches Training bei hoher
Last die Widerstandshysterese reduziert, das mechanische Verhalten beeinflusst und die
funktionale Stabilitat verbessert. Zusétzlich wird das Verhalten der FGL bei hohen
Umgebungstemperaturen untersucht, wobei sich mit Training und Belastung das
Hochtemperaturverhalten verandert.

Im zweiten Teil wird die Entwicklung eines Widerstandsschweil3prozesses fur die Herstellung
von kompakten NiTi-Mikrodrahtbiindeln beschrieben. Der SchweiRprozess ermdoglicht die
zuverlassige Verbindung von NiTi-Dréhten mit verschiedenen Legierungen und die Fertigung
flacher Blindelaktoren. Die geschweif3ten Buindel zeigen eine schnelle Abkihlgeschwindigkeit
und skalierbare Abtriebskraft.

Insgesamt ergdnzen sich beide Bereiche, indem sie eine Briicke von der detaillierten
Charakterisierung und Optimierung einzelner FGL-Mikrodréhte hin zur praktischen Fertigung
und Anwendung von FGL-Aktor-Sensor-Systemen schlagen. Diese Herangehensweise
ermoglicht es, theoretische Erkenntnisse in praxisrelevante Systeme zu iberfihren und somit

die Einsatzmoglichkeiten von FGL-Aktuatoren zu erweitern.



Abstract

The dissertation is divided into two main thematic areas. In the first part, the development of a
multifunctional test rig is discussed, enabling tensile and actuation tests on shape memory alloy
(SMA) microwires. It allows precise measurements of the wires' properties that are relevant
for applications. With it, methods are developed to investigate the influence of training on the
wires' behavior. It is found that electro-thermal training under high load reduces the hysteresis
of the resistance signal, influences the mechanical behavior, and improves functional stability.
Additionally, the behavior of SMA at high ambient temperatures is examined, revealing that
training and load significantly influence high-temperature behavior.

The second part describes the development of a resistance welding process for producing
compact NiTi microwire bundles for actuator-sensor systems. The welding process ensures the
reliable bonding of NiTi wires with various alloys and the manufacturing of flat bundle
actuators. The welded bundles feature rapid cooling and scalable output force.

Overall, both topics complement each other by bridging detailed characterization and
optimization of individual SMA microwires with the practical production and application of
high-performance SMA actuator-sensor systems. This approach enables the direct transfer of
theoretical insights into practical technologies, thereby expanding the application possibilities

of the material.
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1 Einleitung, Grundlagen und Motivation

Die Integration von zusatzlichen Funktionen sowie die Elektrifizierung von immer mehr
Teilbereichen von technischen Systemen steigt unaufhdrlich an. Dies flhrt einerseits zu nie
dagewesener Automatisierbarkeit, Anpassbarkeit und einem Gewinn an Komfort. Andererseits
werden vorhandene Systeme dadurch schwerer, komplexer und ihr Energieverbrauch steigt.
Des Weiteren stoRen konventionelle elektrische Antriebssysteme, wie Elektromagnete und
Elektromotoren, in den oft eng bemessenen Baurdumen, an ihre Grenzen. In dieser Nische
konnen unkonventionelle Aktoren bzw. intelligente Werkstoffe ihre Vorteile als
Antriebssysteme ausspielen und darlber hinaus dazu beitragen, die Energieeffizienz zu steigern
und das Gewicht zu reduzieren.

Thermische Formgedéchtnislegierungen (FGL) gehdren zu dieser Klasse der intelligenten
Werkstoffe (engl.: smart materials), welche dadurch gekennzeichnet sind, dass sie auf die
Verénderung bestimmter Umgebungsbedingungen selbststdndig reagieren. Im Falle der FGL
fihrt eine Veranderung der Temperatur zur Umwandlung der kristallinen Gitterstruktur, was
sich als makroskopisch sichtbare Forménderung aufert. Weitere Beispiele flr intelligente
Werkstoffe sind unter anderem magnetische Formgedachtnislegierungen, piezoelektrische
Materialien, elektroaktive Polymere und magnetorheologische Flussigkeiten [1]-[10].

Der Formgedachtniseffekt in einer Legierung wurde erstmals von Arne Olunder im Jahr 1932
beschrieben [11]. Die bis heute, aufgrund ihrer hohen Lebensdauer und reversibler Dehnung,
kommerziell erfolgreichste FGL besteht aus Nickel-Titan (NiTi). Sie wurde in den sechziger
Jahren, unter dem Namen ,,Nitinol*, von Buehler und Wang am Naval Ordnance Laboratory in
den USA erforscht [12]-[14]. Beim Uberschreiten einer kritischen Temperatur, der
sogenannten Umwandlungstemperatur, verandert sich das NiTi-Kristallgitter von Martensit zu
Austenit. Unter Verringerung der Temperatur wird dieser Prozess nach dem Durchlaufen einer
Hysterese umgekehrt, und die Gitterstruktur wandelt sich wieder vollstdndig in Martensit um
[15], [16]. Der Prozess geht mit einer reversiblen geometrischen Forménderung einher,
wodurch der Begriff Formgedéchtnis gepréagt wird. Neben bindrem NiTi finden sich auch
weitere tertidre und quaterndre Legierungen, nicht nur auf Nickelbasis, mit
Formgedéachtniseffekt. Als wichtige Beispiele lassen sich NiTiCu, NiTiHf, NiTiCuCo,
eisenbasierte Legierungen wie FeSiMg und kupferbasierte Legierungen wie CuZnAl, nennen
[17]-[21].



Durch die besonderen Eigenschaften sind FGL, insbesondere NiTi, in den unterschiedlichsten
Anwendungsfeldern zu finden. Der grofte Anwendungsbereich ist bis heute die
Medizintechnik, wo die gute Biokompatibilitdt von NiTi sowie die superelastischen
Eigenschaften des austenitischen Gefuiges zum Tragen kommen [22]. In der Regel wird hierbei
Nickel-reiches NiTi eingesetzt, welches sich durch eine niedrige Umwandlungstemperatur bei
Raumtemperatur bereits in der austenitischen Phase befindet. Diese ist superelastisch und I4sst
sich bis zu 10% dehnen, ohne eine plastische Verformung zu hinterlassen [23]. Konkrete
Anwendungen sind hier zum Beispiel Stents und Fihrungsdrahte zur minimalinvasiven
Behandlung und Untersuchung des Herzens [24], [25].

Ein im Jahr 1980 durch Rodriguez und Brown ertffnetes Forschungsfeld im Bereich der FGL
ist die Elastokalorik [26]. Das Phanomen basiert auf den latenten Warmen, die bei der
Phasentransformation von Austenit zu Martensit frei werden [27], [28]. Die Transformation
wird durch gezielte mechanische Be- und Entlastung der FGL-Elemente herbeigefuhrt. Zur
Anwendung kommt der Effekt in festkdrperbasierte Wéarmepumpen, die mit superelastischen
FGL betrieben werden. VVorteile dieser Systeme sind, dass sie ohne klimaschadliche KihImittel
auskommen und das Potenzial aufweisen, die Energieeffizienz, beziehungsweise den
sogenannten ,,coefficient of performance* (COP), deutlich zu steigern [29], [30]. Stand der
Forschung sind aktuell erste Prototypen fur kontinuierlich laufende KihImaschinen,
beziehungsweise Warmepumpen, und die Entwicklung von dauerfesten Werkstoffen [31]-[34].
Der eigentliche Formgedéchtniseffekt, hervorgerufen durch thermisch induzierte Austenit-
Martensit Transformation, wird hingegen hauptsachlich in der Antriebstechnik eingesetzt. Es
kommen vorrangig Titan-reiche, bindre NiTi-Legierungen zum Einsatz, welche typischerweise
eine Umwandlungstemperatur von circa 90° C aufweisen. Das bedeutet, dass sie bei
Raumtemperatur in der quasiplastischen Martensitphase vorliegen. Am haufigsten werden
FGL-Aktoren in Form von Drahten und Federn verwendet [35]-[40]. Durch ihre Kompaktheit,
Flexibilitat und gute Integrierbarkeit spielen FGL-Dréhte in elektrischen Antrieben die groRere
Rolle, wéhrend FGL-Federn ihren Anwendungsbereich eher in passiv geheizten Systemen, wie
Ventilen oder Thermostaten, finden. Der Draht funktioniert dabei ahnlich wie ein kiinstlicher
Muskel. Elektrischer Strom, der durch den Draht flieRt, fihrt aufgrund des Joule-Effekts zur
Erwarmung. Dadurch kontrahiert der Draht um bis zu ca. 5% und es werden hohe
Abtriebskréafte erreicht [41].

Die wichtigsten Eigenschaften von FGL-Aktoren sind ihre hohe Energiedichte und das

sogenannte Self-Sensing [15], [42]-[45]. Dadurch lassen sich besonders kompakte und leichte

2



Aktor-Sensor-Systeme aufbauen. Unter Self-Sensing versteht man bei FGL die Korrelation von
elektrischem Widerstand zur Geometrie. Mithilfe des Widerstandssignals lassen sich
Ruckschlisse auf die Position und den Zustand des Antriebssystems ziehen, ohne zusatzliche
Messtechnik einzusetzen.

Formgedachtnisantriebe finden sich bereits in einigen kommerziellen Produkten wie Ventilen
fur den automobilen Sitzkomfort sowie kleinen und gréReren Linear- und Rotationsantrieben
[46]-[48]. Die jungste und aufsehenerregendste Entwicklung im kommerziellen Bereich sind
optische Bildstabilisator- und Autofokusmodule fur Smartphone Kameras, angetrieben mit
FGL-Mikrodrahten [49]. Mit Ausnahme dieser Entwicklung sind kommerzielle Produkte auf
FGL-Basis in der Regel simpel gehalten und mit groRen Reserven konstruiert. Auf3erdem wird
im Allgemeinen mit geringen Kraften gearbeitet, was hauptséchlich am dynamischen Verhalten
von FGL-Aktuatoren liegt. Wéhrend die Aktivierung mittels kurzer Stromimpulse nahezu
beliebig schnell vonstattengeht, hangt die Dynamik, aufgrund des thermischen Effekts,
maRgeblich von der Abkiihlgeschwindigkeit der FGL ab [50]. Ubertragen auf Dréhte lasst sich
schlussfolgern, dass mit Durchmessern bis zu 100 um Zykluszeiten von einer Sekunde und
weniger erreicht werden. Da allerdings auch die Abtriebskraft Gber die Materialspannung mit
dem Durchmesser skaliert, liegt die dann realisierbare Kraft in der Regel im Bereich von
maximal 1,5 N [51].

AuRer iber die Blndelung, also das mechanische Parallelschalten mehrerer Aktordrahte, kann
die Kraft eines FGL-Aktors also auch Uber die Materialspannung angepasst werden [52]-[56].
Kommerziell verfligbare NiTi-Drahte sind von den Herstellern auf eine maximale
Materialspannung zwischen 150 MPa und 200 MPa trainiert. Das bedeutet, die Dréhte sind
thermo-mechanisch so behandelt, dass sie bei diesen Spannungen ein stabiles Verhalten zeigen.
Der Hauptgrund diesen Spannungsbereich zu nutzen ist, dass bei moderaten Dehnungen von
ca. 2% von einer Dauerfestigkeit des Materials ausgegangen werden kann [51], [57]-[59]. Da
bei einigen Anwendungen aber keine Dauerfestigkeit gefordert ist, sondern durch die
Produktlebensdauer lediglich fiinf- bis sechsstellige Zyklenzahlen notwendig sind, ist eine
Erh6hung der Materialspannung in diesen Féllen zielfuhrend. Der Hauptvorteil liegt in der
Madoglichkeit, die Abtriebskraft zu skalieren, ohne den Bauraum oder das Gewicht zu verandern.
Das bedeutet, dass die Arbeitsdichte des Antriebssystems dadurch erhéht wird [60]. Dartiber
hinaus schwankt die Umgebungstemperatur in einigen potenziellen Einsatzgebieten sehr stark.
Ein bekanntes Beispiel ist der Automobilsektor, wo die maximale Einsatztemperatur von

Aktuatoren bei Uber 80 °C liegt. Dies schrankt den Einsatz von thermisch aktivierten FGL-
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Aktuatoren ein. Allerdings ist die Umwandlungstemperatur abhdngig von der
Materialspannung, sodass mit einer Erhdhung dieser nicht nur die Arbeitsdichte, sondern auch
deren Einsatztemperatur erhéht werden kann.

Komplexere Systeme aus gebiindelten, hochbelasteten Drahten und damit hoher Dynamik bei
gleichzeitig hohem Kraftpotential sind, besonders in Verbindung mit Self-Sensing, bis dato
jedoch noch Stand der Forschung [43], [61]-[68]. Griinde hierfiir sind unter anderem, dass die
exakten mechanischen und elektrischen Eigenschaften der FGL und das Verhalten bei den
angesprochenen Bedingungen trotz jahrzehntelanger Forschung noch nicht in voller Génze
bekannt sind. AuBerdem ist die herkdmmliche Verbindungstechnik, das Crimpen, nicht
geeignet, um kompakte Drahtbiindel automatisierbar zu fertigen.

Ein Ziel dieser Arbeit ist es, die wichtigsten Aspekte zu untersuchen, um die FGL-Technologie
auch in anspruchsvollen Anwendungen, mit hohen Kréften, sich verdndernden
Umgebungsbedingungen und mit funktionierendem Self-Sensing, in kommerziellen Produkten
einzusetzen. Dazu wird eine anwendungsorientierte, experimentelle elektro-thermo-
mechanische Untersuchung der aktorischen und sensorischen Eigenschaften unter
unterschiedlichen Bedingungen durchgefiihrt. Der Fokus liegt dabei auf dem Einfluss der
Konditionierung von kommerziell verfligbaren NiTi-Drahten zur Anwendung mit erhéhten
Materialspannungen und der Erforschung und Optimierung des Widerstandsverhaltens. Diese
Experimente werden bei Umgebungstemperaturen von 23 °C bis 100 °C, auf einem eigens fiir
Mikrodrahte entwickeltem Prifstand, durchgefihrt. Die dabei entwickelte Methode lasst sich
auf beliebige Legierungen und Drahtdurchmesser anwenden sowie um weitere Parameter
erganzen. Ein Hauptunterschied zu experimentellen Charakterisierungen von FGL, wie sie in
der Literatur zu finden sind, liegt in der anwendungsorientierten, systematischen
Vorgehensweise [69]-[74]. Hervorzuheben sind dabei die joulesche Erwérmung der Proben,
die Durchfiihrung mehrerer unterschiedlicher Messungen und Methoden an derselben Probe
mit nur einer Aufspannung sowie die systematische Untersuchung des Zusammenhangs
zwischen aktorischen Eigenschaften und Sensorverhalten.

Ein weiteres Ziel der Arbeit ist es, die entsprechend untersuchten und optimierten FGL-
Mikrodrahte automatisierbar und zuverldssig zu kompakten, flachen und haltbaren Biindel-
Aktuatoren zusammenzufligen. Dazu wird ein neuartiger Widerstandsschweil3prozess
entwickelt und untersucht. Die NiTi-Drahte werden stofffremd mit Blechen aus Stahl und
Kupferlegierungen verschweil3t und die Verbindungsqualitit wird methodisch untersucht. Das
Resultat sind flache, kompakte Mikrodraht-Bundel mit hoherer Abkiihlgeschwindigkeit als ein
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vergleichbarer, dickere Einzeldraht. Im Vergleich zum Laserschweil3en, welches bereits
vielfaltig fir unterschiedlichste Anwendungsbereiche mit NiTi untersucht wurde, ist das
Widerstandsschweil’en kosteneffektiver, einfacher zu handhaben und, durch den robusten
Prozess, gut automatisierbar [75]-[79].

Mithilfe der gefertigten Blindel sowie den Ergebnissen aus der Charakterisierungsstudie
wurden bereits einige neuartige Anwendungen in Form von funktionalen Prototypen entwickelt
und aufgebaut, welche am Ende der Arbeit vorgestellt werden.

Der Hauptteil der Dissertation beginnt im folgenden Kapitel. Die vier eingebunden
Veroffentlichungen werden zu Beginn des Kapitels zusammengefasst und zueinander
eingeordnet. In den Unterkapiteln folgen in thematischer Reihenfolge die Veroffentlichungen,
die so abgedruckt sind, wie sie auch in den wissenschaftlichen Zeitschriften verdffentlicht sind.
Im dritten Kapitel folgt ein Fazit der gesamten Arbeit sowie ein Ausblick ber offen gebliebene
Forschungsthemen. AuBerdem werden, als weiteres Ergebnis der Forschungsarbeit, einige
Anwendungsbeispiele vorgestellt, die durch die erarbeiteten Ergebnisse entwickelt werden
konnten. Im Anhang sind erganzende Ergebnisse zu den Veroffentlichungen, die
Beitragsberichte zu jeder Veroffentlichung sowie eine Liste aller Publikationen des Autors zu

finden.



2 Publikationen zur Charakterisierung und Fertigung von

FGL Aktor-Sensor-Systemen

Im Folgenden werden die vier Veroffentlichungen, welche Grundlage und Inhalt der
Dissertation bilden, in ihrer chronologischen Reihenfolge zusammengefasst und in
Zusammenhang gebracht. Die chronologische Reihenfolge entspricht dabei auch der
thematischen Reihenfolge, in der sie in dieser Arbeit eingebunden sind. Die Themen sind in
zwei grundlegende Blocke aufgeteilt: die methodische Charakterisierung von FGL-
Mikrodrahten und die Fertigung von FGL-Bindelaktoren aus Mikrodrahten mittels
Widerstandsschweillen. Dabei teilt sich die Charakterisierung wiederum in drei
Veroffentlichungen auf: die Entwicklung und Validierung eines multifunktionalen Priifstands
fir FGL-Mikrodréhte, die Untersuchung des Einflusses von Training sowie die Untersuchung
des Hochtemperaturverhaltens auf dem vorgestellten Prifstand. Die vierte Veroffentlichung
behandelt die Entwicklung eines Widerstandsschweillprozesses fir die Fertigung von
kompakten NiTi-Mikrodrahtbindeln fur Aktor-Sensor-Systeme auf FGL-Basis.

2.1 Zusammenfassung und Einordnung der Publikationen

FGL werden in der Literatur in der Regel mit thermo-mechanischen Verfahren, wie isothermen
Zugversuchen oder isobarer thermischer Aktivierung, charakterisiert [69]-[71], [80]. Dabei
wird meist nur ein einzelnes Verfahren zur Charakterisierung verwendet, was zum Beispiel den
Vergleich der Ergebnisse zwischen Zugversuchen und thermischer Aktivierung erschwert.
Aullerdem wird haufig die dynamische Differenzkalorimetrie (DSC) zur Charakterisierung der
thermo-mechanischen Eigenschaften eingesetzt [72]. Diese Verfahren stellen eine wichtige
Saule dar, um die grundlegenden Eigenschaften von FGL-Materialien zu untersuchen. In
technischen Anwendungen, jedoch werden FGL (berwiegend elektrisch, mittels des Joule
Effekts, geheizt und die anliegende Last ist nicht konstant. Um das Verhalten von FGL-Dréhten
in der Anwendung besser zu verstehen und den Einfluss diverser Parameter zu untersuchen, ist
eine anwendungsorientierte Charakterisierung notwendig. Dazu wird in der ersten
Veroffentlichung ein multifunktionaler Prifstand entwickelt, aufgebaut und validiert. Wegen
der Vorteile und der Verbreitung in technischen Anwendungen, wie in Kapitel 1 beschrieben,
ist er flir FGL-Mikrodrahte mit Durchmessern von 25 um bis 100 um ausgelegt. Dazu sind
spezielle Bauteile nétig, die einerseits die Reibung minimieren und andererseits eine hohe

Messgenauigkeit aufweisen. Hauptbauteile des horizontal ausgelegten Aufbaus sind eine
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Kraftmessdose, eine Linearachse, zwei Luftlager, auf denen die Drahtklemmen montiert sind,
sowie eine Vorrichtung zur spannungsgeregelten Drahtprobeninstallation. Die Drahtklemmen
zur elektrischen und mechanischen Kontaktierung der FGL-Probe befinden sich in einer
heizbaren Kammer. Diese verhindert auch, dass unkontrollierte Luftstromungen die
Temperatur des Drahtes beeinflussen. Der Priifstand ist multifunktional, was bedeutet, dass an
einer einzelnen Drahtprobe Zugversuche sowie aktorische Versuche durchgefihrt werden
konnen. Dies geschieht durch die kraftgeregelte Ansteuerung der Linearachse. Dadurch
konnen, mittels ,,Hardware-in-the-Loop®, Vorspannsysteme wie Federn, Massen und
Endanschlage simuliert werden. Die Temperatur in der Kammer, die die Drahtprobe umgibt,
kann wahrenddessen zwischen Raumtemperatur und 100 °C geregelt werden. Die elektrische
Aktivierung erfolgt mit konstantem Strom oder konstanter elektrischer Leistung. Aullerdem ist
die Dehnrate, respektive die Heizrate, frei wahlbar. In der Veroffentlichung wird auf die
Konstruktion und die Messmittel detailliert eingegangen. Die Wiederholgenauigkeit der
Probeninstallation wird gezeigt, um dann die einzelnen Funktionen des Priifstands zu testen und
validieren. Eine weitere Besonderheit ist hier die hochprézise Strom- und Spannungsmessung,
mit der sich auch bei niedrigen Stromen (<10 mA) verlassliche und prézise Widerstandssignale
generieren lassen. Die Versuche zur Funktionsvalidierung werden mit verschiedenen
Drahtdurchmessern durchgefiihrt, um den Umfang der Funktionalitat zu zeigen. Am Ende wird
die Mdglichkeit der Durchfuhrung von zyklischen Zug- und Aktorversuchen dargestellt, womit
eine Drahtprobe trainiert werden kann. Diese kann dann ohne manuelle Manipulation mit
Zugversuchen charakterisiert werden und in anwendungsnahen aktorischen Versuchen mit
unterschiedlichen Vorspannmechanismen untersucht werden. Aus den Daten, die der
entwickelte Prufstand generiert, konnen viele wichtige Materialparameter sowie
Systemparameter fir aktorische und sensorische FGL-Anwendungen extrahiert werden. Dazu
gehéren: E-Modul von Austenit und Martensit, Resistivitat der unterschiedlichen Phasen, die
Hysteresebreite, remanente Dehnung nach Training, Hub-Kraft-Verhalten und Hub-Widerstand
fur diverse Vorspannsysteme. Durch den Ausschluss jeglicher StorgroRen sind Daten, die
mithilfe des Prifstands ermittelt werden, prédestiniert fir die Parametrierung und Validierung
von numerischen Modellen und Simulationen. In einem Artikel von Mandolino et al., bei
welchem Autor dieser Dissertation als Coautor mitgewirkt hat, wurde das bereits gezeigt [81].
In der zweiten Veroffentlichung wird eine Methode erarbeitet, um die wichtigsten
Eigenschaften von FGL Aktor-Sensor-Systemen, mithilfe des Prifstandes, experimentell zu

erforschen. Mit dieser Methode wird der Einfluss eines zusatzlichen Trainings auf
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vorkonditionierte NiTi-Drahte untersucht. Ziel ist es, bei Materialspannungen bis zu 400 MPa
ein stabiles Materialverhalten zu erreichen sowie das, aufgrund der R-Phase, stark hysteretische
Verhalten des Widerstandssignals zur verbessern. Rein mechanisches Training mit zyklischen
Zugversuchen wird einem elektro-thermischen Training mit konstanter Last gegenuibergestellt.
Verglichen werden die Proben anhand einer definierten Reihe an Zugversuchen mit definierten
Heizleistungen sowie Aktor-Tests mit unterschiedlichen Lasten. Die Einflusse der beiden
Trainingsvarianten auf das Spannungs-Dehnungs-Verhalten im Zugversuch, den maximalen
Hub in Aktortests, die funktionelle Stabilitat und das jeweilige Widerstandsverhalten werden
analysiert und bewertet. Als Ergebnis wird herausgestellt, dass das Training dem jeweiligen
Lastfall anzupassen ist, weshalb das mechanische Training weniger effektiv ist. Mit dem
elektro-thermischen  Training bei 400 MPa Spannung wird die Hysterese des
Widerstandssignals am besten reduziert. Der Hub bei geringer Last nimmt aufgrund der
remanenten Dehnung allerdings ab. Die funktionale Stabilitdt kann, im Gegensatz zur
unbehandelten Probe, bei bis zu 400 MPa nachgewiesen werden. Anhand der Leistungs-
Dehnungs-Kurve, die der typischen Temperatur-Dehnungs-Kurve entspricht, wird gezeigt, dass
die Trainings eine Veranderung der Umwandlungstemperatur des Materials bewirken. Die
Umwandlung findet weniger diskret statt und ist ber einen gréfReren Temperaturbereich
verteilt. Mit den Ergebnissen der Veroffentlichung lassen sich im Verhalten optimierte
Antriebssysteme mit Self-Sensing auf FGL-Basis entwickeln, die unter erhdhten mechanischen
Lasten stabil funktionieren [82]. Die Daten der Widerstandsmessungen helfen bei der
Verbesserung von Self-Sensing Algorithmen. Als Erklarung fiir das nicht lineare, hysteretische
Verhalten des Widerstandsignals in Aktor-Anwendungen wird das Auftreten der R-Phase
identifiziert.

Ein Ausschlusskriterium fiir den Einsatz von FGL als Antriebsmechanismus ist in vielen
Anwendungen die zu erwartenden Betriebstemperaturen. Es gibt wenig Forschung im Bereich
der Hochtemperaturanwendung von kommerziellen NiTi-Legierungen [62]. Die Grenzen des
Machbaren basieren dabei auf Indizien, sind aber noch nicht hinreichend erforscht. In der
dritten Veroffentlichung werden daher anwendungsorientierte Untersuchungen bei hohen
Umgebungstemperaturen, auf demselben Prifstand, mit den entwickelten Methoden angestellt.
Bei Temperaturen von bis zu 100 °C wird der Einfluss des Trainings und der Last auf das Aktor-
Sensor-Verhalten untersucht und die Limitierungen werden analysiert. Fir niedrige (Konstant-
und Feder-) Lasten, werden unbehandelte und thermisch trainierte FGL-Dréhte mit Aktortests

bei Umgebungstemperaturen bis zu 80 °C verglichen. Es wird gezeigt, dass die Anderung der
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Umgebungstemperatur keinen Einfluss auf die Self-Sensing Eigenschaft hat. AuRerdem wird
herausgestellt, dass das Last-Profil und das Training die Hochtemperatur-Eignung eines FGL-
Aktorsystems beeinflussen. Durch das Training sowie hohere Lasten verschiebt sich der
maximale Arbeitspunkt in hthere Temperaturbereiche. Mithilfe von Lasten bis 400 MPa, bei
denen durch das Training funktionale Stabilitat herrscht, verschiebt sich die maximale
Einsatztemperatur nochmals um etwa 20°C nach oben. Zum Verdeutlichen der
Anwendungsrelevanz wird auf dem multifunktionalen Prufstand eine beispielhafte Anwendung
untersucht. Diese wird mithilfe von ,,Hardware-in-the-Loop* simuliert und es wird gezeigt, dass
durch die wissensbasierte Systemauslegung ein Ventil mit funktionierendem Self-Sensing
entwickelt werden kann, welches in einem weiten Temperaturbereich sicher und zuverl&ssig
funktioniert.

Die erreichbaren Kréfte in solchen Systemen sind durch die Mikrodurchmesser in der Regel
beschrankt. Mittels einer Blindelung der Drahte lasst sich die Kraft skalieren, ohne dabei
signifikant an Dynamik zu verlieren [53]. Der Stand der Technik bei der Verbindungstechnik
fir NiTi-Dréhte sind Quetschverbindungen, bestehend aus Messing-Crimps. Diese haben
jedoch einige Nachteile. Durch das unedle Metall kann es zur Korrosion in der
Verbindungsstelle kommen, was zu schlechter elektrischer Kontaktierung fiihrt. Auerdem sind
die Crimps im Vergleich zum Drahtdurchmesser grof3, und zum Quetschen sind hohe Kréfte
und eine Zuganglichkeit von mehreren Seiten wéhrend der Montage notwendig. In der vierten
Veroffentlichung wird mit dem Widerstandsschweillen eine Verbindungstechnik fur die
Fertigung von Bindeln aus FGL-Drahten untersucht, die bisher wenig Beachtung in der
Literatur findet. Dieser SchweiRprozess hat die Vorteile, dass die Zugéanglichkeit nur von einer
Seite gegeben sein muss, die Flgekréfte gering sind und allgemein eine gute
Automatisierbarkeit gegeben ist. Somit ist er pradestiniert flir die automatisierte Montage von
Aktor-Sensor-Systemen auf FGL-Draht Basis. In der Vertffentlichung wird das stofffremde
WiderstandsschweilRen von NiTi Mikrodréhten mit 100 um Durchmesser an Stahl und
Kupferlegierungen untersucht. Das Ziel ist die Fertigung von kompakten, flachen FGL-
Drahtbiindeln. Die Schweil3ergebnisse werden dazu methodisch evaluiert, um einen optimalen
Parametersatz zu entwickeln. Wahrend die SchweiRverbindung von NiTi-Draht mit Bronze und
Messing machbar ist, jedoch nicht in hinreichender Wiederholbarkeit und Festigkeit resultiert,
zeigt sich bei der Verbindung zu Stahl eine zuverldssig hohe Festigkeit mit guter
Wiederholbarkeit. Mit Lebensdauerversuchen und Mikroskopie Untersuchungen wird die

Schweilverbindung genauer untersucht, bevor der Bundelungsprozess vorgestellt wird.
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Mithilfe des WiderstandsschweiRens werden flache FGL-Bindelaktoren gefertigt. Bis zu
sieben NiTi-Dréhte konnen auf rostfreie, 5mm breite und 0,4 mm dunne Stahlbleche
geschweil3t werden. Aktortests zeigen, dass die Abkiihlgeschwindigkeit im Vergleich zu einem
dickeren FGL-Draht mit entsprechendem Durchmesser deutlich schneller ist, wahrend die Kraft
mit der Drahtanzahl skaliert.

Mithilfe der Ergebnisse aus den vier Veroffentlichungen kann der Anwendungsbereich von
FGL-Aktuatoren deutlich erweitert werden. Nicht nur ist das Verhalten und die notwendige
Konditionierung bei hohen Lasten mit experimentellen Daten belegt, auch sind die Grenzen der
Einsatztemperatur eindeutig untersucht. Mithilfe des Trainings konnen Kraftausbeute,
Umwandlungstemperatur und Widerstandssignal verbessert werden. Durch die geschweil3ten
Biindel kann die Kraft von Aktoren aus dinnen Dréhten nahezu beliebig skaliert werden und
auch  die  Verbindung von Einzeldrdhten, wird durch den entwickelten
WiderstandsschweiRprozess fur viele Anwendungen erleichtert. Somit ergénzen sich beide
Themenbereiche, indem sie eine Briicke von der detaillierten Charakterisierung und
Optimierung einzelner FGL-Mikrodréhte hin zur praktischen Fertigung und Anwendung von
FGL-Aktor-Sensor-Systemen schlagen. Diese Herangehensweise ermdglicht es, theoretische

Erkenntnisse direkt in praxisrelevante Technologien zu Gberflhren.
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Abstract: Most relevant to predicting the behavior of shape-memory-alloy (SMA)-based actuator-
sensor applications activated by Joule heating are the electro-mechanical characteristics of the material
under consideration. For a comprehensive characterization, a single setup that is able to provide all
relevant data and information is desirable. This work covers the design, implementation and valida-
tion of such a high-end test bench for the holistic characterization of SMA micro-wires. In addition,
the setup provides the possibility of application simulation experiments. Key elements of the design
are the clamping mechanism guided on air bearings, a linear direct drive, a high-resolution load cell,
a high-precision constant current source and a stress-controlled in-line wire sample installation. All
measurements take place inside an isolated, temperature-controlled chamber. With the presented
setup, the electro-mechanical and thermal characteristics of SMA wire samples with diameters from
20 um to 100 pm can be determined. Via hardware-in-the-loop (HiL) implementation, the outputs
with different biasing mechanisms and additional end-stops can be simulated even at high ambient
temperatures. The generated results facilitate the prediction of the exact characteristics of SMA-driven
actuator-sensor systems in a variety of applications and lead to a better general understanding of the
alloy’s properties. All functionalities and features of the setup are presented by discussing the results
of exemplary experiments.

Keywords: shape memory alloy; nickel-titanium; NiTi; Nitinol; material characterization; actuator;
superelastic; tensile test; high temperature; hardware-in-the-loop

1. Introduction

Shape memory alloys (SMA) show, on the one hand, a great potential to reduce the
weight, size and energy consumption of existing drive systems. On the other hand, they
enable the integration of actuators in new areas, where spatial conditions typically prevent
active elements from being implemented.

From an engineering perspective, SMA wires can be seen as electrical actuators in wire
shape, and from a material science view, their thermo-mechanical behavior is of foremost
interest, which is the reason for which much research concerning the thermo-mechanical
behavior of SMA materials is being conducted. However, for the design of new SMA-driven
systems, measurement data based on electrically heated wires and the characteristic of their
electrical resistance are of high relevance. Based on this, the temperature dependency and,
especially, methods to influence the transition temperatures of the material are of concern
to investigate the limitations of SMA-driven actuators.

The fundamentals of thermal SMAs have been discussed extensively in research
articles over the last decades [1-5]. Hence, in this work, the following paragraph gives only
a short summary on the topic.
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SMAs have the highest known energy density as an actuator and combine this with
resistance-based self-sensing capabilities [6-8]. They are often used in the form of wires
and are commercially available in the form of binary nickel-titanium (NiTi). This is also
called Nitinol. Nitinol was first investigated by researchers of the U.S. Naval Ordinance
Laboratory in 1963 [9]. Depending on the alloy composition, the material shows varying
thermo-mechanical behavior. Ni-rich NiTi is superelastic and can be stretched up to 10%
at room temperature without permanent damage [10]. The Ti-rich variant, on the other
hand, undergoes a (quasi-)plastic deformation if stretched at room temperature. When
it is then heated to the so-called transformation temperature, it transforms back to its
original geometry. This behavior is called shape memory effect, and strains of 5% or more
can be fully recovered [3]. Both effects are based on a reversible rearrangement of the
materials’ crystal lattice structure, in which a phase transformation from martensite to
austenite takes place. The composition of the lattice structure depends on the temperature
and the material stress, which is why we talk about the thermo-mechanical behavior of
NiTi [11]. To use SMAs as actuators, a Ti-rich NiTi wire is typically heated either by
electrical power via Joule heating or passively by a high-temperature fluid in contact with
the alloy [12,13]. Because of their high energy density, SMA wires are especially suitable for
small and lightweight actuator systems, such as valves, small-size gripping systems and
optical image stabilization [14-16]. Other fields of research include continuum robots for
catheters and endoscopes as well as bionic applications [17-20]. In all these applications,
the self-sensing feature of SMA wires is put to use, and externally positioned sensors
are dispensable. The sensing is based on a change of the electrical resistance that can be
observed when the SMA undergoes the austenite-martensite transformation. The resistance
depends on the contemporary crystal structure, the SMA’s length and cross-sectional area,
as well as its temperature [12,21].

SMA actuators in the shape of thin wires have many benefits and are therefore the
focus of this work, just as they are also the focus of many commercially available products
and recent research and developments [14,22-25]. Due to their unique form factor, they
create much freedom for design, and their surface-to-cross-sectional area ratio enables
faster cooling compared to other forms. The implementation of these wires and electrical
contacting are already well-understood, and they can be bundled to create muscle-like
strands that exhibit high forces with unchanged dynamics [15,26,27]. As most technical
applications have high requirements on the dynamics of the system, this work concentrates
on wires with diameters of 100 um and below, which are also referred to as microwires.
These microwires have been shown to realize switching cycle times of 1 Hz to 35 Hz with
natural convective cooling in air [2,28].

Dynamic mechanical analyzers (DMA) are used for the thermo-mechanical charac-
terization of SMA wires, but they lack the electrical components necessary to characterize
Joule-heated actuator wires as well as the required repeatable installation process [29,30].
To achieve significant and repeatable measurement data with which the behavior of Joule-
heated SMA wires can be systematically investigated, a test bench is required that is
designed to conduct a variety of experiments on a single sample. The goal of this work
is the development and implementation of a fully adjustable setup for actuator simula-
tions even at high ambient temperatures, on which tensile tests and SMA wire training
procedures can also be performed. Fundamental measurements form the basis of SMA
wire characterization; these enable the systematic comparison of different wire samples
concerning their alloy composition and heat treatment, among other things. This enables
the selection of the best specimen for a certain application and helps to increase the overall
understanding of SMA wire behavior. The data are also used to parametrize and validate
numerical SMA models and simulations, as was undertaken by Mandolino et al. with
measurement data acquired on the setup described in this work [31]. For the design of so-
phisticated SMA-based actuator systems with uncommon load scenarios (e.g., high ambient
temperatures, high material stress), it is important to investigate the SMA'’s characteristics
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under the exact same conditions as they are in the application. This ensures that the system
works exactly as intended.

The remainder of this paper is structured as follows. Section 2 covers the design and
features of the test rig as well as the control and measurement system. In Section 3, all
functions of the setup are validated and discussed on the basis of exemplary experimental
results, and Section 4 finishes with a conclusion and an outlook for future publications.

2. Mechanical Design of the Test Bench, Data Acquisition and Measurement Setup

In this section, the mechanical design of the characterization setup is described in
detail. All parts and functions are discussed, including the measurement setup and data
acquisition. The goal is to create a test bench on which a multitude of experiments can be
conducted on a single test specimen and on a single platform without manual manipulation
of the SMA wire. Significant results as well as the ability to change the specimen in an easy
way and to reinstall it with the highest repeatability are mandatory.

The setup is developed for wires with a diameter of 20 to 100 um and a length of about
100 mm. Due to the delicacy of SMA microwires, a multitude of measurements have to be
taken into account to achieve repeatable and significant experimental results. A schematic
of the setup design and a photograph of the implemented test rig are presented in Figure 1.

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 (F); 6: SMA wire; 7: heating chamber; 8: moving wire
clamp (M); 9: insulation adapter; 10: preload drive (P); 11: linear direct drive.

From a mechanical point of view, the key element of the whole setup is the clamping
mechanism to fix the SMA wire specimen. The CAD assembly of the clamps can be seen in
Figure 2a,b. These clamps fix the SMA wire mechanically, and all electrical supply and mea-
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surement connections are attached, as can be observed in the picture of the implemented
clamps in Figures 2 and 3. The clamps are an assembly of milled parts made from stainless
steel. Two offset angled surfaces create a V-shape that defines the position of the SMA wire
exactly in the center of the clamps and in line with the whole setup. The wire is clamped on
the inner surface of the V-shape over a length of 10 mm. The clamps are tightened manually
by spring-loaded hexagonal bolts (parts 1 and 4 in Figure 2). The spring is designed such
that the required clamping force of the SMA wire is reached when it is fully compressed.
Thus, the clamping force is repeatable, and the wire is held in place safely. Furthermore,
the clamps feature guiding rollers and small holes to guide the SMA wire in and out of the
isolating chamber they are placed in. They are electrically isolated from the rest of the test
rig by PTFE adapters (Figure 1, part 9) in order to enable the electrical heating of the SMA
wire without any short circuits.

F A

(b)

-

Figure 2. On (a,b), the CAD designs of both wire clamps are displayed. Image (c) shows the fixed
bearing of the isolating chamber, and (d) illustrates the floating bearing, which allows for a thermal
expansion. The following parts are displayed: 1: spring to load the clamps, 2: clamping jaws,
3: guiding rollers for the SMA wire, 4: bolt to manually tighten clamps, 5: linear guides for thermal
expansion of isolating chamber.

Figure 3. Picture of the inside of the chamber with heating foil, both wire clamps with a SMA wire
sample installed, electrical wiring and PT100 sensor tips.

Each clamp is mounted to an air bearing shaft, as shown in Figure 1 (2), with the goal
of reducing friction losses as much as possible. This is crucial for meaningful micro-wire
force measurements, due to the low absolute force level (0.1 N at 200 MPa for a 25 um
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diameter wire). The bearing is also necessary to keep the lateral forces caused by the weight
of the clamps from affecting the force measurement and the linear drive.

The fixed wire clamp (F) is connected via the air bearing to a “Futek LSB200 2 lbs
load cell with a measuring range of approx. +/—10 N. Knowing the SMA wire diameter,
the material stress can be calculated with the force measurement data. The moving wire
clamp (M) is attached to an “Aerotech ANT-25LA” linear direct drive. Its range of travel
is 50 mm, and it is equipped with a sub-micrometer-resolution position encoder that is
used as feedback to obtain the wire strain. Additionally, these two components set the base
for a closed-loop force and position control, called hardware-in-the-loop (HiL). To ensure
a consistent specimen length of 100 mm for each experiment, the distance between the
clamps is precisely set using a gauge, and the linear drive is “homed” and in fixed-position
mode. To install the SMA wire in a repeatable way, an additional stepper motor (Figure 1,
part 10) is installed to pull the wire to a defined pre-stress before it is fixated with the
clamps. This process will be discussed in detail in Section 3.

Microwires need to be shielded from irregular air flow and variable convection. Slight
air streaming in a room, which occurs, for example, due to the air condition, influences
the wire temperature and leads to irregular measurement results. For this reason, the
developed setup features a cylindrical chamber with a diameter of 90 mm and a length
of 200 mm, in which the wire sample as well as the clamps to fix it are placed. The upper
half of the chamber (part 7 in Figure 1b) can be removed to access the wire and the clamps.
Inside, a heating foil is attached to the chamber’s walls, which is depicted in Figure 3. In
combination with PT100 temperature sensors, the temperature within can be precisely
controlled and monitored to set points of up to 100 °C. To account for the expansion of the
material when the chamber is heated, the mounting points are located close to the axial
center of the cylinders faces, including a floating bearing on one end. With these measures,
which are depicted in Figure 2¢,d, blockage of the moving clamps due to thermal expansion
of the chamber is prevented, and an annular gap for the clamps of less than 0.5 mm is set.

To achieve the highest possible repeatability and least handling effort, the wire is taken
directly from the reel on which it is delivered by the supplier. It is guided into the chamber
through the open fixed wire clamp (F), onto the featured guiding rollers, and then it exits on
the opposite side, where it can be mounted to the pre-loading system (P) (Figure 1, part 10).
This procedure is only necessary for the initial setup. After that, a fresh sample is installed
by pulling a new part of the wire from the spool to the experimental chamber. This kind of
controlled installation process has the benefit that no manual handling or cutting of the
SMA wire is necessary to install a new specimen after the first setup.

The whole setup is mounted on a “ThorLabs” rail system (Figure 4) combined with
milled custom adapters and positioning stages for a precise alignment of the setup. The
outer measurements of the mechanical setup are 800 mm x 350 mm x 200 mm (1 X h x w).
The setup is installed on an optical table with air damping to keep shocks and vibrations in
the environment of the setup from interfering with the highly sensitive force measurement.

”
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Figure 4. Top-view picture of the whole setup installed on an air damped table, including measure-
ment equipment.

A “National Instruments NI PXI7852R” FPGA-based system and “LabVIEW” pro-
gramming environment on a PC serve for the control unit as well as data acquisition. The
system features several high-resolution analog and digital in- and outputs. The measured
values are as follows: position of the moving wire clamp, force of the SMA wire, voltage
and current of the wire, temperature inside the chamber. With these values, we can retrace
the stress, strain, electrical resistance and electrical power of the SMA wire specimen. The
ambient temperature in the heated chamber is measured with two PT100 sensors. They
are placed in proximity to the wire: one is close to the fixed clamp, and the other is in the
center of the chamber, as can be seen in Figure 3. Another temperature sensor can be added
to measure either the temperature inside the fixed clamp or the ambient temperature of the
room in which the setup is placed.

A temperature measurement of the wire specimen itself is omitted. A reliable and
meaningful measurement can only be performed with a contactless measurement method,
for example, an infrared camera. A sensor in physical contact with the wire works as a
heat sink, which corrupts the result and does not acquire the temperature distribution over
the wire length. Due to the necessary calibration, emission factors, curved wire surface,
the small diameter of the SMA and the fact that the sample is enclosed in the chamber, an
infrared measurement also proves to be challenging.

Feedback control loops are implemented on the FPGA real-time system for the tem-
perature in the chamber, the electrical power to heat the SMA wire, as well as the force and
position of the linear direct drive. With the latter, so-called HiL tests can be performed,
which enable one to simulate a spring or constant load as a biasing element of the actu-
ator wire. Position control modes enable the addition of arbitrary end-stops to the load
scenarios.

Apart from heating the ambient air in the chamber, the wire is heated via Joule heating.
Therefore, a custom current source with 24 V supply voltage is designed. An output current
of 0-250 mA is set and controlled by a 0-10 V input signal from an NI module. It features
three separate 0-10 V output channels with a different measurement range to measure the
supplied current. For high electrical powers, in austenitic tensile tests, for example, the
0-250 mA channel is used. For acquiring precise resistance values close to zero power in
the martensitic state, for ambient heating and when cooling down in HiL tests, the channels
0-25 mA and 0-6.25 mA are used for a better resolution. The current source is validated in
preliminary work, and an absolute measurement error of 10 pA is achieved. This kind of
precision is necessary to receive significant resistance values.

All input parameters for the experiment are set on a user interface on the PC, where
the experiments are started, and the measurement data are depicted. When an experiment
is finished, the data are saved for post processing, plotting and analysis with “"MATLAB”.
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All clamps

open

3. Result and Discussion of Validation Experiments and Functionalities

In this section, the functionalities and features of the test rig are proposed and validated
with exemplary results on a variety of NiTi wire specimens. The full range of possible
experiments and sample diameters is introduced by means of various wire manufacturers.
The authors do not intend to compare the different manufacturers and companies to each
other, which is why each experiment is performed with a number of varied parameters to
place the focus on the capabilities of the test setup. The goal here is to present the options
that are provided by the results generated with the help of the test rig, to evaluate and
extract various parameters of interest and application relevant data.

Before each experiment, the test specimen needs to be installed in a precise and
repeatable manner. As described in Section 1, the length of a SMA actuator is defined by
its current temperature and stress as well as the stress-temperature history. In this article,
we define the austenitic length of the SMA wire at 10 MPa stress as “zero length” L. The
required heating power can easily be acquired in preliminary experiments, by testing at
which power level the specimen does not contract any further. The benefit of setting this
length as zero is that a SMA wire cannot become any shorter than when it is 100% in the
austenite phase, which makes it absolutely repeatable. The stress is chosen, so that the
wire is straight without slack or bending, and the correct length is set. For a repeatable and
defined length and crystal lattice composition of each SMA wire specimen to be tested, the
installation procedure, presented in a flowchart in Figure 5, is performed.

Insert wire to Fix wire at H:S;tgmz cto Wire is pulled Close clamp
clamps clamp (F) and to defined (M) and open
(tension-free) clamp (P) SR stress-level clamp (P)

(tension-free)

Figure 5. Flowchart of the installation procedure of a SMA wire specimen in the test rig.

After all clamps are opened, the specimen is mounted to the fixed wire clamp (F) and
the preloading drive (P) outside the chamber (Figure 1). The moving wire clamp (M) stays
open, and the wire is only guided through it. The wire is pulled by the preloading drive,
while it is electrically heated above A¢ temperature, until the defined stress of 10 MPa is
reached. Then, the bolt of clamp (M) is tightened to fix the specimen, and the installation
process is finished. The heating current is switched off, and clamp (P) is opened. After this
process, the SMA wire sample is known to have a Ly of 100 mm, and it is ready for the
following experiments.

Each experiment is started by conducting a so-called “reset test”, with the goal of
having the same repeatable initial condition for every test and reducing the influence of the
order in which different experiments are conducted on a specimen. To reset a wire sample
to these initial conditions, it is heated to austenite and cooled back down to martensite
under stress-free conditions.

In general, two different sorts of experiments can be conducted on the test rig: tensile
tests, in which the wire is cycled mechanically, and actuator tests, in which the wire is
cycled thermally via Joule heating. Both variants can be repeated any number of times,
which is used for training experiments. SMA samples for tensile tests are heated with
constant electrical power, constant current or via the ambient air temperature. The pa-
rameters that are variable are the maximum strain, the strain rate and the level of heating
power/current/temperature. The actuator tests are conducted with the help of HiL. Biasing
elements such as springs and masses can be simulated with the help of a closed-loop force
and position control of the linear direct drive. The heating is achieved via triangular current
signals, as a constant power supply is not common in actuator applications due to the
complexity. Parameters that can be varied are the biasing force and spring stiffness, the
activation signal duration, the maximum heating current and the ambient temperature. To
limit the travel, as it is also often done in applications, arbitrary end-stops can be set.

The following resulting data are extracted from all experiments: time in s, force in
N, position (of the linear drive) in mm, voltage over the SMA in V, current in A, ambient
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temperature in °C. The diameter of each wire sample is measured in a cold state with a
micrometer gauge to calculate the material stress. The change in the wire’s cross-sectional
area under strain or contraction is not considered.

In the following subsections, only stress-strain diagrams are presented instead of force
elongations graphs, to have a common and comparable basis for varying diameters or wire
lengths. Force and elongations can easily be calculated, as the necessary parameters are
listed for each experiment. Electrical resistance and power are calculated from the voltage
and current measured during the experiments.

3.1. Validation of Installation Process

To validate the previously described installation procedure of wire samples, a special
test series is conducted. The goal is to check the repeatability of the procedure, so that wire
samples can be changed, and the next experiment will have the same initial conditions as
the one before. For the checkup, a “SAES Getters Smartflex 100” NiTi wire specimen with a
measured diameter of 100 pm is used [32]. A specimen is installed in the defined manner,
and a tensile test with 0.2% maximum strain and a constant power of 0.5 W is performed.
The installation procedure and the following tensile test is repeated three times, of which
the results are presented in Figure 6.
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0 0.5 1.5 2 2.5 3 3.5
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£041F ' =
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n . ' : : X =
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©
Q 150 : . . . .
=
‘c 100F 8 0
§ 50 1 0 0.05 0.1 0.15 0.2 0.25
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Timeins

Figure 6. Results of the validation experiments for the wire installation process. Depicted are input
and output parameters over time in (a) and stress over strain in (b). Test parameters: tensile test, max.
strain 0.2%, strain rate 0.005 s~ !, wire specimen “SAES Getters Smartflex” 100 pm, electrical heating
power 0.5 W, 3 iterations.

The results of the validation experiment show that the Ly has a maximum variance of
0.015% strain, resulting in 7 MPa difference in stress at 0.2% strain. These values prove that
a good repeatability of the installation process is provided.

3.2. Tensile Tests under Constant Electrical Power Heating

The first function of the test rig to be introduced are tensile tests in which the maximum
strain, strain rate and heating method are variable parameters. The results are used
for a basic characterization of actuator wires and allow for evaluation and comparison,
for example, of different alloy compositions and transformation temperatures. For this
exemplary experiment, the wire is heated with a constant electrical power and stretched
to 5% strain with a strain rate of 0.01 s~!. A “Dynalloy Flexinol LT (70 °C)” NiTi wire
with a measured diameter of 49 um is used [33]. To examine the tensile characteristics
under different conditions, five tensile tests are performed in a certain order. Before the
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experiment starts, the sample undergoes the previously introduced reset procedure, in
which it is heated to full austenite and cooled down without tensile stress. The first tensile
test is conducted with no power applied, but 5 mA of measuring current is used to calculate
the resistance. This test is repeated once. Then, three more tensile tests are performed with
high power (0.37 W), medium power (0.31 W) and low power (0.25 W). For evaluation, the
acquired data are plotted over time and can be seen in Figure 7. In between each of these
iterations, the reset procedure is omitted.
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Figure 7. Results of tensile tests with wire specimen “Dynalloy Flexinol LT (70 °C)” of 49 pm diameter
under varied constant power. All results are plotted over time. Test parameters: max. strain 5%,
strain rate 0.01 s—1, ambient temperature 22 °C.

The first two tests, in black and red color, show the martensitic material characteristics.
In the first experiment, a detwinning of the martensite can be observed that builds under
stress-free cooling from austenite to martensite. After the material is detwinned, the second
tensile test shows the purely elastic behavior of martensite. In Figure 8, the results of stress
and resistance are plotted over strain. Here, the martensitic detwinning and the elastic
branch can be observed as well. In Figure 8a, the typical stress—strain hysteresis with
varying transformation plateaus depending on the heating power is recognizable, and in

Figure 8b, a linear change in resistance under a tensile load with constant heating power
is evident.
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Figure 8. Results of tensile tests with wire specimen “Dynalloy Flexinol LT (70 °C)” of 49 pm diameter
under varied constant power: (a) shows stress vs. strain, and (b) shows resistance vs. strain.

3.3. Tensile Tests under Constant Electrical Current Heating

A power-controlled electrical supply is uncommon in SMA applications due to the
complexity and lack of benefits. For scientific tests, on the other hand, this is of interest,
because a constant heating power equals a constant temperature if the strain rate and the
rate of the change in power are sufficiently small [34]. As the main target of the setup
is to provide measurement data that are of relevance for applications, experiments with
constant current to heat the wire are also part of the test portfolio and are presented in
the following. In the example depicted in Figures 9 and 10, a strain rate of 0.005 s~ ! at a
maximum strain of 5% is chosen for a “Fort Wayne Metals NiTi #5” wire with a measured
diameter of 73 um [35].
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Figure 9. Results of tensile tests with wire specimen “Fort Wayne Metals NiTi #5” of 73 um diameter
under varied constant current heating. All results are plotted over time. Test parameters: max. strain
5%, strain rate 0.005 s~ !, ambient temperature 22 °C.
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Figure 10. Results of tensile tests with wire specimen “Fort Wayne Metals NiTi #5” of 73 pm diameter
under varied constant current heating: (a) shows stress vs. strain, and (b) shows resistance vs. strain.
Test parameters: max. strain 5%, strain rate 0.005 s 1.

The method of the experiments is the same as mentioned in Section 3.2, and the heating
is controlled with a constant current instead of constant power. The first tensile test is
conducted with 5 mA of measuring current to calculate the resistance. This test is repeated
once. Then, three more tensile tests are performed with high current (150 mA), medium
current (140 mA) and low current (130 mA). As can be observed in Figure 10a, the main
difference from constant power heating is that the slopes of the transformation plateaus
are steeper and less distinct, due to the increase in electrical power with increasing wire
resistance. A detwinning of the martensite is also evident in this sample for the first tensile
test. The amount of twinned martensite and, with it, the intrinsic two-way-effect of a SMA
wire are varied in between samples. This depends on individual load history as well as
the training and the alloy composition [36]. With the help of the austenitic and martensitic
branch of the stress—strain curves in Figure 10a, as well as the resistance—strain graph in
Figure 10b, the first important tool for the design of a SMA actuator is available.

With these results, the maximum stroke and the force output of an actuator with
a certain bias element can be estimated by a graphical/geometrical comparison of the
austenite and martensite branches. The necessary electrical specifications can be estimated
with the maximum and minimum values of austenitic and martensitic resistance values
and the equivalent heating currents.

3.4. Tensile Tests under Ambient Temperature Heating

The chamber that isolates the specimen from the surrounding air can be used to
passively heat the SMA wire, as described in Section 2. Therefore, a certain temperature
setpoint is chosen, and the inside of the chamber is heated up to that level. In this subsection
tensile tests with a passively heated wire are proposed. The outputs are used to check at
which temperature a sample starts to build up austenite phase fractions and to compare
electrically heated experiments with temperature-controlled tests for evaluating transition
temperatures. For these tests, a NiTi wire sample provided by “Ingpuls GmbH"” with a
diameter of 73 um is used [37]. For each temperature setpoint (22 °C, 60 °C, 80 °C, 100 °C),
a tensile test with three iterations is performed. Before every set of tensile tests, the reset
procedure is conducted. Thus, the first iteration of one set deviates from the second and the
third, as can be observed in Figures 11 and 12. For the tensile tests of this subsection, the
maximum strain is set to 6% with a strain rate of 0.005 s~!. All tests are conducted with the
same sample in order of rising temperature. The temperature control is based on the PT100
sensor placed in the middle of the chamber, and the measurement in proximity to the clamp
provides information about the uniformity of temperature distribution inside the chamber.
The temperature-over-time graph in Figure 11 makes this distribution visible. Meanwhile,
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the air in the middle of the chamber is steady at the chosen setpoint. The temperature at
the edge is slightly lower due to small air gaps in the surrounding and the clamp working
as a heat sink.
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Figure 11. Results of tensile tests with a wire specimen by “Ingpuls GmbH” of 73 um diameter with
varied ambient temperature. Three iterations are performed for each temperature. All results are
plotted over time. Test parameters: max. strain 6%, strain rate 0.005 s~!, measurement current 10 mA.
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Figure 12. Results of tensile tests with a wire specimen by “Ingpuls GmbH” of 73 um diameter with
varied ambient temperature. Three iterations are performed for each temperature. (a) shows stress vs.
strain, and (b) shows resistance vs. strain. Max. strain 6%, strain rate 0.005 s 1.

The shape of the stress—strain hysteresis in Figure 12a, for temperatures of 80 °C
and higher, shows the typical austenitic characteristics, as can be expected for an actuator
wire. For the experiment at room temperature, the same detwinning effect in the first
cycle as in the previous subsections can be observed. The set of tensile tests at 60° C
ambient temperature shows that the material is already partially transformed to austenite.
To achieve the resistance values, a measurement current of 10 mA is applied during
all experiments. The results of the resistance measurements are plotted over strain in
Figure 12b. The typical linear behavior is observed at 22 °C, 80 °C and 100 °C. The 60 °C
experiment shows a hysteretic characteristic, as the sample seems to partially transform
back to austenite when it is fully relaxed.

3.5. Actuator Tests with Constant Load Bias

The so-called HiL function of the test rig enables the performance of actuator tests
with the simulation of various biasing mechanisms. The linear direct drive is used in a
force-control mode with a closed loop feedback of the force measurement provided by the
loadcell. Constant load biasing with arbitrary levels, a variable linear bias spring with an
adjustable force offset and freely selectable end stops are implemented. In this subsection,
the constant load biasing function of the test rig is proposed with the example of a 100 um
“SAES Getters Smartflex” NiTi wire. The time sequence of the output data is depicted in
Figure 13.

The test sequence is started with only the measurement current of 10 mA applied
to achieve continuous resistance measurement results from the experiment’s start. The
linear drive is moved to pull the wire to the preset force value of 1.48 N, which results
in a material stress of 188 MPa. When the setpoint is reached, a triangular current signal
with a maximum value of 220 mA and a signal duration of 60 s, as displayed in Figure 13,
is run three times. This results in the wire contracting to a strain of 0.7% and releasing
back to 5.7% of absolute strain. A difference between the initial cycle and the next cycles
can be observed in the strain and stress signal in Figure 13 as well as in Figure 14a. The
reason for this behavior lies in the detwinning of martensite in the first cycle. In the reset
procedure that is performed before each set of experiments, martensite in a twin structure
is generated because of the “load-free” condition in the experiment. In the last two cycles
of the experiment, the biasing stress only allows for the formation of detwinned martensite.
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Figure 13. Results of actuator tests with wire specimen “SAES Getters Smartflex” of 100 um diameter
under constant load biasing of 188 MPa. A triangular current signal with an amplitude of 220 mA
and a signal duration of 60 s are applied. Three iterations are performed for the experiment, of which
all results are plotted over time.
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Figure 14. Results of actuator tests with wire specimen “SAES Getters Smartflex” of 100 um diameter
under constant load biasing of 188 MPa. A triangular current signal with an amplitude of 220 mA
and a signal duration of 60 s is applied. Three iterations are performed for the experiment. (a) shows
the stress vs. strain behavior, and (b) shows resistance vs. strain.

This difference due to the initial lattice structure of the NiTi is also observed in the
resistance-over-strain graph in Figure 14b. The linear correlation between resistance and
strain in tensile tests gives way to a hysteretic behavior. Taking into account the start
of the second signal, when the behavior is stabilized, the resistance rises from 12 Q) to
12.7 () as the wire temperature rises, and only a minor change in geometry and the crystal
lattice appears. In the phase transformation to austenite, accompanied by a contraction
of about 4.8%, the resistance drops to 10.2 (). As the heating current is reduced again, a
slight dip in resistance can be observed, which leads to the first loop in the hysteresis. This
is due to the temperature outweighing the influence on the resistance. Then, the crystal
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lattice transforms back to martensite, accompanied by a rise in resistance of up to 12.5 Q).
Another loop is formed in the cooling process, as the slope of the resistance over strain is
not monotonous and cuts the heating branch of the resistance-strain curve. Returning to
full martensite and room temperature, the starting value of 12 () is reached again.

The SMA wire is heated electrically and quantitative temperature measurements of
micro wires cannot be performed in this test setup and neither can the wire temperature be
measured in SMA-driven applications. The power—strain diagram is shown in Figure 15
and can be compared to a typical temperature-over-strain diagram. As the experiment
is conducted in a quasistatic manner due to the slow heating rate, a correlation between
electrical power and temperature is allowed [8]. The typical shape of a SMA temperature—
strain hysteresis can be qualitatively observed in the power—strain plot as well. In systematic
experiments, these plots can be used to achieve the austenite start and finish power of a
wire sample for various loads. With the help of temperature-controlled experiments, a
comparison is possible as well.

Strain in %
w

O 1 1 1
0 0.1 0.2 0.3 0.4 0.5
Power in W

Figure 15. Results of actuator tests with wire specimen “SAES Getters Smartflex” of 100 um diameter
under constant load biasing of 188 MPa. A triangular current signal with an amplitude of 220 mA and
a signal duration of 60 s is applied. Three iterations are performed for the experiment. The diagram
shows the strain over electrical power behavior.

A soon as the electrical power is increased, the SMA sample starts to contract with a
slow rate. After about 1.5% contraction, at 0.39 W, the main portion of the phase transforma-
tion takes place, and the wire contracts suddenly about 3%. The last 0.4% strain is reached
at 0.5 W. The transformation back to martensite is less sudden, has a flatter slope and occurs
mainly at about 0.2 W. From this hysteresis curve, we can extract the information about
austenite and martensite start and finish power values and the width of the hysteresis,
which helps to compare and evaluate different SMA samples for specific applications.

3.6. Actuator Tests with Spring Load Bias

In most cases, the biasing system for an SMA wire in technical applications includes
linear springs. The stiffness and pretension of the spring influence the stroke output and
resistance of SMA wires. To conduct a systematic study on this influence with variations in
the parameters, it is possible to simulate any spring with any pretension with the test setup.
Furthermore, we can test and investigate specific actuator configurations in detail before
building the actual system. In this example, a “SAES Getters Smartflex” NiTi wire with
100 um diameter is prestressed to the same level as in Section 3.5, and a spring stiffness
of 0.2 N/mm is applied. The wire is heated with the same sequence as before, which is
a triangular signal with 60 s duration and an amplitude of 220 mA. The results of three
iterations of the experiment are shown in Figure 16.
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Figure 16. Results of actuator tests with wire specimen “SAES Getters Smartflex” of 100 um diameter
under spring load biasing of 0.2 N/mm and a pretension of 1.48 N. A triangular current signal with
an amplitude of 220 mA and a signal duration of 60 s is applied. Three iterations are performed for
the experiment, of which all results are plotted over time.
The results of stress and resistance plotted over strain are displayed in Figure 17.
The same difference in the initial cycle can be observed as in Section 3.5 due to twinned
martensite formed in the reset procedure before the actual experiment. The stress—strain
curve follows the spring characteristic and exhibits a stroke of 4.5% in stable conditions
after the first activation. The actuator cycles between 170 and 295 MPa. In the strain—time
trend of Figure 16, it is observed that the maximum stroke is slightly reduced with ongoing
cycling. The SMA behavior is not stable in the high-stress region, and a residual strain
builds up.
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Figure 17. Results of actuator tests with wire specimen “SAES Getters Smartflex” of 100 um diameter
under spring load biasing. A triangular current signal with an amplitude of 220 mA and a signal
duration of 60 s is applied. Three iterations are performed for the experiment. (a) shows the stress vs.
strain behavior, and (b) shows resistance vs. strain.
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Comparing the resistance-strain graph in Figure 17b to Figure 14b, the spring-loaded
SMA wire shows a less hysteretic behavior but still shows similar crossing loops. This
difference can be explained by the stress dependency in the transformation temperatures of
the SMA materials. The stress increases with the wire contracting, and at the same time, this
increases the transformation temperature. For SMA-driven technical systems, this means
that the resistance signal of the self-sensing feature is easier to interpret and correlate with
a certain actuator position.

The stress dependency of the phase transformation temperature also prostates in the
strain-power hysteresis in Figure 18, where the shape of the hysteresis is changed compared
to Figure 15. The transformation from austenite to martensite and back is less steep, as
phase transformation temperature rises with increasing stress, and vice versa. The higher
material stress makes higher heating powers necessary to fully transform the crystal lattice
to austenite. By varying spring stiffness and preloading, their influence on heating power
and resistance behavior can be studied systematically. The results can help to predict the
necessary parameters for high load scenarios of SMA that are rather uncommon and to
increase the performance of self-sensing-based control strategies for SMA actuators.
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Figure 18. Results of actuator tests with wire specimen “SAES Getters Smartflex” of 100 um diameter
under spring load biasing. A triangular current signal with an amplitude of 220 mA and a signal
duration of 60 s is applied. Three iterations are performed for the experiment. The diagram shows
the strain vs. electrical power behavior.

3.7. Actuator Test with Spring Load Biasing, End Stops and 60 °C Ambient Temperature

The full potential of the test rig is put on display in this following subsection. For
applications in commercial products, the automotive and the industrial environment, the
ambient conditions change, and increased temperatures prove to be especially challenging
for SMA actuator performance. Additionally, a defined movement of drive units is often
supported by end stops. To investigate the capabilities of SMA wire actuators at high
temperatures and the influence of the biasing force on the characteristics, several features
of the test rig are combined for these experiments. Before the experiment is started, the
chamber is heated to a stable temperature of 60 °C. The wire specimen is again a “SAES
Getters Smartflex” with 100 um diameter, which is prestressed to 188 MPa. Due to the
increased ambient temperature, the amplitude of the triangular signal of the heating
current is reduced to 180 mA to avoid overheating and damaging the sample. To simulate
a realistic application, for example, a fluidic valve, two end stops at 1.5% and 4% strain are
implemented. The experimental procedure is similar to Sections 3.5 and 3.6, and the end
stops limit the range of travel. The results of all measurement data are presented over time
in Figure 19. Temperature is not included, as it is held constant along the experiment.
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Figure 19. Results of actuator tests with wire specimen “SAES Getters Smartflex” of 100 um diameter
under spring load biasing with end stops and 60 °C ambient temperature. A triangular current signal
with an amplitude of 180 mA and a signal duration of 60 s is applied. Three iterations are performed
for the experiment, of which all results are plotted over time.
Due to the end stop at 4% strain, the movement of the SMA sample starts after the
188 MPa spring preload is overcome. This can be observed in a good manner in Figure 20a.
As the second end stop is reached at 1.5% strain, the stress rises up to 420 MPa. This SMA
sample is not trained for stresses higher than 200 MPa, and therefore, the maximum stress
drops with each cycle, as can be observed in Figure 19. The strain output is not affected, as
the end stops limit the travel beforehand.
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Figure 20. Results of actuator tests with wire specimen “SAES Getters Smartflex” of 100 um diameter
under spring load biasing with end stops and 60 °C ambient temperature. A triangular current signal
with an amplitude of 180 mA and a signal duration of 60 s is applied. Three iterations are performed
for the experiment. (a) shows the stress vs. strain behavior, and (b) shows resistance vs. strain.

The resistance (Figure 20b) is even less hysteretic than in the previous subsection,
because of the ambient temperature being close to the austenite start temperature and the
limited travel. Thus, loops at both ends are cut off as well. The bends in the resistance
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signal in Figure 19 when the end stops are reached promise a good detectability with the
help of resistance-based control strategies.

If these limits can be detected, the overshoot in material stress can be reduced, for
example, with a feedback control. This can lead to better fatigue life and higher energy
efficiency of SMA systems. When looking at the strain—-power hysteresis in Figure 21,
compared to Figure 18, it can be observed that it has moved towards the lower left corner
and decreased in width and height. Because of the increased ambient temperature, the
electrical power needed to start the transformation is reduced to under 0.2 W, and the end
stops limit the strain. It is also evident that a maximum current of only about 150 mA is
sufficient to reach full contraction in this configuration.

6 T T T T

5_ 4

N

Strain in %
w

o 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Power in W

Figure 21. Results of actuator tests with wire specimen “SAES Getters Smartflex” of 100 um diameter
under spring load biasing with end stops and 60 °C ambient temperature. A triangular current signal
with an amplitude of 180 mA and a signal duration of 60 s is applied. Three iterations are performed
for the experiment. The diagram shows the strain over electrical power behavior.

3.8. Training—Cyclic Tensile and Actuator Tests

Commercially available NiTi actuator wires are usually trained and exhibit a stable
behavior when used within a typical range of 200 MPa. As is shown in Sections 3.6 and 3.7,
excessive material stress leads to instable stress—strain characteristics, and the stroke and
force output degrade over time. This aspect and the residual strain can lead to the failure of
a system in the very beginning. To avoid this, SMA wires in high-stress applications need
to undergo an additional training procedure to achieve a stable and predictable behavior.
A distinction can be made between two basic principles of training: thermal cycling and
mechanical cycling. To investigate the influence of these training methods with different
parameters, the data acquisition of the test rig is designed to handle large data sets of test
series with up to 100 cycles. In the following, one example for each training method is
described by means of two different wire samples. In Figure 22, the results of a training
process of a “SAES Getters Smartflex” NiTi wire with 24 pm are presented by means of
mechanical cycling. The heating power is held constant at 0.23 W for the procedure, and
50 tensile tests with a maximum strain of 5% and a strain rate of 0.005 s~ ! are conducted.
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Figure 22. Results of cyclic tensile tests with wire specimen “SAES Getters Smartflex” of 24 um
diameter under constant power heating with 0.23 W, 5% maximum strain and a strain rate of
0.005 s~ 1. The results of 50 cycles for a wire training are plotted over time. The final cycle is plotted
in red.

It is observed that over time, the characteristics of stress and resistance change. Starting
the experiment, the change is quite pronounced and then leads to a saturation. The stress—
strain hysteresis, which is depicted in Figure 23a, undergoes a decrease in hysteresis
width, as the upper-plateau stress decreases while the lower-plateau stress stays almost
unchanged. Furthermore, the shape of the hysteresis is modified. The negative slope of the
upper transformation plateau decreases and is almost constant in the last cycle. Evident
is also the residual strain that is increased to 0.45%. In an application, this phenomenon
leads to a reduced maximum stroke of the actuator, as is already indicated in Figure 16.
The resistance, on the other hand, undergoes less changes. In Figure 23b, the residual
strain manifests in a higher minimum resistance (154 2 instead of 152 (1), and the overall
behavior changes only in a minor way. Parameters that can be varied for a systematic
investigation of the training effect are the maximum strain, maximum stress, temperature
level (electrical power), strain rate and number of cycles. Wire samples can be compared
concerning the evolution of the hysteresis and the residual strain, which can help in the
selection of the best-performing wire sample for applications with high material stress and
can also give early insights into the fatigue behavior of the wire.
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Figure 23. Results of cyclic tensile tests with wire specimen “SAES Getters Smartflex” of 24 um
diameter under constant power heating with 0.23 W, 5% maximum strain and a strain rate of
0.005 s~ 1. The results of 50 cycles for wire training are plotted in a stress—strain plot (a) as well as a
resistance-strain plot (b). The final cycle is plotted in red.
The second training method could also be performed with the wire in the actual
application and is discussed in the example of a “Fort Wayne Metals NiTi #5” with a
diameter of 73 um and a constant stress of 320 MPa. The triangular current signal has a
duration of 30 s and an amplitude of 160 mA. The experiment is performed with 50 cycles,
of which the evolution of the results is shown in Figure 24. The main gradient in the
characteristics of stress and resistance is visible in the first 10 to 20 cycles. A saturation is
visible after that.
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Figure 24. Results of a cyclic actuator test with wire specimen “Fort Wayne Metals NiTi #5” of 73 pm
diameter under constant load biasing. A triangular current signal with an amplitude of 160 mA and
a signal duration of 30 s is applied. Fifty activation cycles are for the training experiment, of which all
results are plotted over time. The final cycle is plotted in red.

The change in characteristics of the resistance is more distinct than in mechanical
cycling, which can be observed in Figure 25b. The minimum resistance increases from
19.9 () to 21.2 (), and the hysteretic shape and maximum value change as well.
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Figure 25. Results of a cyclic actuator test with a wire specimen “Fort Wayne Metals NiTi #5” of 73 pm
diameter under constant load biasing. A triangular current signal with an amplitude of 160 mA and
a signal duration of 30 s is applied. Fifty activation cycles are conducted for the training experiment,
of which the stress—strain diagram is plotted in (a), and the resistance—strain behavior is plotted in
(b). The final cycle is depicted in red.

The actuator stroke decreases from 3.5% strain to 2.3%, which can be observed in
Figures 24 and 25a. In this case, investigations into how an increased heating current can
reduce the effect are to be conducted. Of interest is also the influence of various stress levels
and spring stiffnesses on the stabilization of the material characteristics. For both training
methods, the minimum cycles needed for an effective training to new stress levels are of
special interest. To evaluate the influence of various training methods and parameters,
tensile tests for a basic characterization of the trained wire can be performed. From the
outputs, the evolution of important data such as the residual strain, the intrinsic two-way
effect and the hysteresis width can be extracted. The actual actuator performance can also
be verified with actuator tests after the training series.

4. Conclusions and Outlook

In this work, the design and implementation of a SMA micro-wire characterization test
bench are presented. With exemplary measurements of a variety of experiments, the multi-
functionality of the setup is shown. On the presented test rig, with its unique properties and
features, various application-oriented experiments and tests can be performed. The scope
of functions is illustrated with a full range of wire diameters. Meaningful basic characteri-
zations with differently heated tensile tests as well as actuator tests at adjustable ambient
temperatures with variable biasing are performed, and the results are presented. Analyzing
the results, we can extract, among other parameters, Young’s modulus of martensite and
austenite, the hysteresis width, electrical resistivities, residual strains and functional fatigue
after different training procedures. The setup helps to design actuator systems for many
applications under difficult conditions such as high temperature and high stress. Due to
the repeatable and significant results, the setup is well-placed for model and simulation
validation. The most important lessons learned during the design and validation of the
setup are the importance of reducing the friction with the help of air bearings, the necessity
to isolate microwires from the surrounding air, as well as the precision needed to measure
low electrical currents. In a future work, a systematic and application-oriented approach to
measuring and characterizing a SMA wire sample on this test rig will be presented.
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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.

KEYWORDS

hysteresis, NiTi, resistance, R-phase, self-sensing, shakedown, two-way-effect

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

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2024 The Authors. Engineering Reports published by John Wiley & Sons Ltd.
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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-1Lo

o M

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
c=— 2)

where F is the measured force and A, 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

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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FIGURE 4 Outline of the stabilization of max. and min. strain of the NiTi wire under electro-thermal activation with 400 MPa load.
The graph on the left shows the degradation of stroke (plastic shakedown) and the shift of the working point (ratchetting) of the sample. The
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 Agin 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 Ag,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 a 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 Ag 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 0.01s™! 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 Ag.in 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 0.35 W 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

Enhyst = 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 ©)

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
6 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
Ej; in GPa 37.2 36.2 35.5
pain1077 Qm 8.06 7.95 8.08
py in 1077 Qm 8.66 8.53 8.50
prin 1077 Qm 9.57 - -
AR max. in Q 6 5.5 4.9
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. —1mW 2. —mW 2.
© 0.65 W © 0.65W © 0.65 W
S 400 < 400} < 400
S £ c
7)) [2]) 1))
@ 200 A 200} B 3 200 c
n n n
0 - 0 0
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Strain in % Strain in % Strain in %

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.
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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

52

85UB01 T SUOWIWOD BA1E81D 8|geot[dde aup Ag peusenob a1e sejole YO ‘8sn Jo S9N 1oy Afeiq1T8UIIUO /8|1 LD (SUOTIPUOD-PUR-SLLIBY/WOD A8 | 1w Afe.d 1 jBulUO//SdNL) SUONIPUOD pue SWB L 81 88S " [720z/20/6T] U0 Akl auljuo AS|IM ‘sopue|res sod BeIs AN AQ 2982T ZBUe/z00T 0T/10p/wioo 48| im Areiqijeul|uo//sdny wouy papeojumoq ‘0 ‘96T8..S2



SCHOLTES ET AL. : :
Engineering Reports _ | 15022
Crancens repors ___ VAT
27 T T T T T T T 27 T T T T T T —8
261 1400 261 Resistance | | 7
Strain
D s <2 16
E 1300 S =S« 15
= 3 u £
g L2002 *§ 23 L 14 g
= g B 22 136
© & o} )
Q 4 heating
bt 1100 21t | 12
- -
c Resistance 20k 14
= Load
19 1 1 1 I L 1 1 0 19 L 1 1 L 1 1 1
0 1 2 3 4 5 6 7 8 0 0.1 02 03 04 05 06 07
Strain in % Power in W
27 T T T T T T T 27 T T T T T T — 8
L 1400 L Resistance | |
g 26 26 Strain 7
— 25k 16
= z 1300 &
®© £ 241 < 15
o ® c
- g 23} £ 14°¢c
E % 1200 @ g
o @ 22 & 38
c & o1t ] 1o
© 1100
« 20t Resistance 11
o Load
0 19 1 1 L 1 L 1 L O 19 1 1 1 1 1 1 1
E 0 1 2 3 4 5 6 7 8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain in % Power in W
27 27 T T T T T T — 8
o6l 1400 o6l Resi_stance 17
o Strain
= C225» a0 G25— 16
c Eo4t S <24 {5
‘© 3 N £
- €23t = C23r 14 <
S {2008 2 S
— » 221 o 5ot 13 &
n = 7 n
® (0] n &)
£ Coql 1100 21 12
o Resistance
) I — Resis | |
o 20 Load 20 1
- 19 . . . ; . . . 0 19 . . . . . . .
0 1 2 3 4 5 6 7 8 0 0.1 02 03 04 05 06 07
Strain in % Power in W
FIGURE 11 Actuator experiments with a linear spring load corresponding 100 MPa of pre-stress and 200 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.

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

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

53

85UB01 T SUOWIWOD BA1E81D 8|geot[dde aup Ag peusenob a1e sejole YO ‘8sn Jo S9N 1oy Afeiq1T8UIIUO /8|1 LD (SUOTIPUOD-PUR-SLLIBY/WOD A8 | 1w Afe.d 1 jBulUO//SdNL) SUONIPUOD pue SWB L 81 88S " [720z/20/6T] U0 Akl auljuo AS|IM ‘sopue|res sod BeIs AN AQ 2982T ZBUe/z00T 0T/10p/wioo 48| im Areiqijeul|uo//sdny wouy papeojumoq ‘0 ‘96T8..S2



16 of 22 Engineering Reports SCHOLTES ET AL
ez oy ey-
27 T T T T T T T 27 T T T T T r —8
L 400 Resistance | |
26 26 Strain 7
25+ 16
2 e 08 ©
E s 2 s < 15
£ 23 = ¢ 23 -
Q=7 2008 8 "8
- 7 22} e 3 13&
S & I
e 217 100 12
el
c 20l Resistance 14
= Load
19 . . . . . . . 0 19 L . . . . . .
0 1 2 3 4 5 6 7 8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain in % Power in W
27 T T T T T T T 27 T T T T T T — 8
L 400 Resistance | |
g’ 26 26 Strain !
= o 25 o 16
®©
© £ 24t 30040 ¢ 15 2
S o = 8 £
- € 23} s c23 14'°c
—_ g 200 3 g
8 Z2f g 3 185
L e b2
< 21r 100 12
(1)
c 20} Resistance 14
(&) Load
w 19 I I L L Il Il 1 0 19 1 Il L 1 1 Il L
E 0 1 2 3 4 5 6 7 8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain in % Power in W
27 T T T T T T T 27 T T T T T T —8
261 400 Resi_stance 17
Strain
2 s le
— ©
c £24 300 15
£ . = c
© o c £
- € 23} - 14
e 2 9 / 200 ¢ 5 =
— 7] - = 1° »n
© o) )
= @ ol @ 12
= 100
o | Resistance J
2 20 Lo 20 1
[ 19 - - : : : — 0 19 : : : - - : :
0 1 2 3 4 5 6 7 8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain in % Power in W
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 s 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”7 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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Electro-Thermo—Mechanical Characterization of Shape
Memory Alloy Wires for Actuator and Sensor Applications,
Part 2: High-Ambient-Temperature Behavior

Dominik Scholtes,* Stefan Seelecke, and Paul Motzki

The typical phase transformation temperatures of commercially available shape
memory alloys (SMA) for actuator applications are in the region of 80-90 °C for
austenite finish and around 60 °C for martensite start. That limits the areas of
application for SMA actuators, as increased ambient temperatures restrict their
functionality. Especially in the industrial and automotive sectors, operational
temperatures of 80 °C and higher are commonly required. This article discusses
the limits of operation temperatures for commercially available SMA actuator
wires. Also, methods to increase this critical temperature limit, at which the SMA
actuation strain falls below a certain threshold, are proposed. By means of
electrothermal actuation experiments, the influence of the variation of bias loads
and an additional training method are investigated. Supported by these results,
an exemplary valve actuator system is designed, which exhibits consistent stroke
in a wide range of ambient temperatures. All experiments and measurements are
conducted on a custom designed test bench with the same commercially
available SMA wire. The test bench is in the following used again to evaluate the

temperatures up to 100 °C. The study’s goal
is to examine the limits of operational
temperature for an SMA actuator system
and how to push those limits and optimize
the actuator and sensor performance. The
proposed specific data helps to better tune
and design SMA wires for applications,
where increased ambient temperatures
are of concern.

In the published article “Part 1: The
Effects of Training” of this research project,
an application-oriented characterization
method for SMA actuator wires is
discussed.!! That article is focused on the
influence of two fundamental training
methods and the influence of different
loads on the stroke and resistance behavior
of SMA actuator wires made from nickel-

designed SMA valve actuator.

1. Introduction and Fundamentals

A commonly known limit for the application of shape memory
alloys (SMA) wire actuators is the ambient temperature. It is set
by the transformation temperatures of the alloy, which lie typi-
cally at 80-90 °C. This article covers the investigation of the sen-
sor and actuator characteristics of SMA wires at high ambient
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titanium (NiTi). The experiments are per-
formed at a constant ambient temperature
of 23°C.

Building on that, the methods and exper-
imental parameters introduced in the
previous part are also utilized in the following sections. With
this, the research is consistently continued and supplemented.
The general idea is to develop a basic understanding and
approach of how to design an actuator—sensor system that
features an increased range of operational temperature and sta-
ble characteristics at high material stress. To achieve this, specific
data of resistance, stroke and stress are proposed. The article is
written to be comprehensive as a standalone work, with some
repetition from the previous articles. Nonetheless, the whole
picture with all facets is painted by also taking into account
the previous articles on the characterization method™ and the
custom designed test rig.[?

The basics of thermal SMA actuators are discussed widely in
research articles since their discovery.’~”) A summary of these is
already given in “Part 1.” However, according to the focus of this
research, a brief overview of important fundamentals is dis-
cussed here as well.

SMAs are often used in the form of wires, which are commer-
cially available mostly made of binary nickel-titanium (NiTi).
The material shows high phase transformation temperatures
accompanied by highly hysteretic thermal and mechanical char-
acteristics. NiTi actuator wires are Ti rich and undergo a (quasi-)
plastic deformation when a load is applied at room temperature.
When the wire is then heated to the phase transformation
temperature, it returns to its original geometry. This response

© 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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is called shape memory effect and strains of 5% and more can be
fully recovered.”! It is based on a reversible rearrangement of the
material’s crystal lattice structure, where a phase transformation
from martensite to austenite and vice versa takes place.
Characteristic temperatures are austenite start (As) and austenite
finish (Af) temperature, as well as martensite start (M) and fin-
ish (M) temperature. They are determined by the strain over
temperature diagram under a constant load (typically around
200 MPa), which can be observed in Figure 1. These transforma-
tion temperatures are crucial to determine the approximate
maximum operation temperature for an SMA actuator. Not only
a high Ar temperature is required for applications at increased
ambient temperatures, but also high Mg which results in a
narrow hysteresis. The transformation temperatures and the
width of the temperature hysteresis mostly depend on the alloy
composition and grain structure, but they are also influenced by
the material stress, according to the Clausius—Clapeyron
relation.[**!

In technical applications, SMA actuator wires are typically
heated either by electrical power via Joule heating or less com-
monly by a high-temperature fluid in contact with the alloy.**"!
Because of their high energy density, SMA wires are especially
suitable for small and lightweight actuator systems, such as
valves, small-sized gripping systems, and optical image stabiliza-
tion (OIS)."*""3] These applications, especially in the industrial
sector, must work under a wide range of ambient temperatures.
Examples for possible SMA-driven applications in manufactur-
ing processes are active valves for injection molding, valves
for tempered media, and small gripping solutions at soldering
stations, to name some.!"*! For automotive applications in exte-
rior and interior, operational temperatures typically go up to
80 °C to ensure functionality in all climates and operating states.
Even if the expected operation conditions are around room tem-
perature, the functionality of actuation systems is required to be
robust. Therefore, a certain safety to ensure functionality at vary-
ing ambient conditions must be complied with.

Also, the self-sensing feature of SMA wires is taking up
an important role as it makes external position sensors
dispensable.”®! This sensing is based on a change of the
electrical resistance, which is observed when SMAs undergo

Strain in %

N

20 40 60 80 100 120
Temperature in °C

Figure 1. Example of a typical strain versus temperature diagram of a
NiTi actuator wire. Depicted are the martensite start (M) and martensite
finish (Mf) as well as the austenite start (As) and austenite finish (Af)
temperatures.
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the austenite-martensite transformation or a change in
geometry.* Their resistance depends on the contemporary crys-
tal lattice, the wire length, and cross-sectional area as well as the
temperature.[g’m

Material characterizations of SMA are usually performed with
differential scanning calorimetry, temperature-controlled tensile
tests, or thermally induced phase transformation under a con-
stant stress, which is extensively done by Churchill, Iadicola,
and Shaw as well as Miller and Lagoudas among others.*8-2"
Research is also presented on the thermal characteristics of the
electrical resistance of NiTi*’™* In the field of electrically
heated SMA, Lewis et al. investigated the response of Joule-
heated wires subjected to convective cooling, while Furst et al.
explored the characteristics and self-sensing capabilities of antag-
onistic Joule-heated NiTi wires.”** The influence of training on
the thermal characteristics of NiTi is investigated and the results
suggest an increase in transformation temperature by the
measure.>21 In “Part1” of this research, however, the effects
of two fundamental training methods on stroke output and
the resistance characteristics of Joule-heated NiTi microwires
are examined.!"!

With the learnings from that study, the behavior of SMA
actuators under increased ambient temperatures is investigated
in this article. The objective of the investigation is the optimiza-
tion of performance under high ambient temperatures, by com-
bining training and the variation of prestress. The examined
thermoelectrical training method promotes consistent material
behavior under loads up to 400 MPa. Higher material stress
means a higher force output of the actuator, which also leads
to a higher work density!®® and suppresses the formation of
the R-phase in the NiTi crystal lattice, resulting in a more linear
and less hysteretic resistance curve. As existing research based
on thermomechanical experiments suggests the additional train-
ing is also expected to increase the operational temperature range
of SMA actuators.

Due to their rapid cooling rate, small-diameter wires have
become important in SMA-driven products like OIS and valve
systems."2°71 Consequently, this study is centered on a com-
mercially available NiTi wire measuring 72 pm in diameter. The
experimental setup, detailed in another study!? by Scholtes et al.
is purpose built for these microwires. In this article’s experi-
ments, two differently conditioned wires are investigated: one
conditioned by the manufacturer and another subjected to addi-
tional thermoelectrical training.

In the following sections, the impact of training and prestress
on the shift of maximum operating temperature of Joule-heated
SMA wires is investigated. Based on the results, an exemplary
actuator sensor system, which is required to function in a large
range of ambient temperatures is conceived and simulated in the
test rig. The dynamics of SMA microwires at elevated tempera-
tures is not considered in this study, as it is focused on the effects
of load and training on the stroke and resistance characteristics.
Future work will be conducted looking into this important field.

The remainder of this article is structured as follows. The
experimental setup, the materials and measurement methods,
known from the author’s prior publications, are described in
Section 2. In the subsections of Section 3, the data of the actu-
ation results at temperatures between 23 and 100 °C is presented
and discussed for various bias stresses and trained as well as

© 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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untrained wire samples. Section 4 features the conceptual design
and evaluation of a SMA-driven valve suitable for high-ambient
temperature operation. The manuscript closes in Section 5 with a
conclusion including a summary of the results and an outlook.

2. Experimental Section

The experiments described in the following were carried out
using a single setup meticulously detailed by Scholtes et al.l?
For comprehensive information regarding the experiments
and test setup beyond the descriptions provided here, please
refer to that publication for exhaustive details on design, imple-
mentation, and validation.

The custom designed setup, displayed in Figure 2, was laid out
horizontally. It consisted of two clamps equipped with air bear-
ings that mechanically fixed the SMA wire and established the
electrical connections. While one clamp was affixed to a load cell,
the other was attached to a linear drive. To avoid any interference
from external airflow during measurements, both the clamps
and the wire sample were positioned within an isolated chamber.
The temperature within the chamber was monitored and could
be regulated in a range from 23 to 100 °C.

Additionally, a secondary motor was accessible to install the
wire directly from the reel and fixed to the clamps in a stress-
controlled regime. This process ensured consistent and repeat-
able measurement outcomes upon replacing the SMA sample.
The test rig was multifunctional, which means that it was
designed to conduct tensile tests, actuator tests, and cyclic tests
for shakedown experiments or training. The linear drive was run
in a closed-loop force—control mode for the actuator tests, where

www.aem-journal.com

arbitrary loads as well as end stops can be mapped, to simulate
real-world applications.

All tests conducted in this article utilized a Joule-heated wire
powered by controlled electrical current. The temperature-
regulated isolating chamber played a pivotal role in this research,
specifically in creating high ambient temperatures. The actuator
tests were conducted within this chamber under increased tem-
peratures, applying either a constant load or a linear spring rate
alongside a defined prestress.

To facilitate the electrical heating of the SMA wire, a custom-
designed constant current source was used, offering adjustable
output currents ranging from 0 mA to 250 mA and a voltage of
up to 24 V. The precise measurement of the voltage drop across
the wire and the electrical current enabled accurate resistance
measurement. The setup was controlled using a “National
Instruments” FPGA based system and “NI LabVIEW”.

For all experiments in this work, a “Dynalloy Flexinol HT”
NiTi wire with a measured diameter dy of 72 pm (in twinned
martensite) was used.?” The initial wire length L, was always
set to 100 mm in full austenite at a stress of 10 MPa. This length,
set on a virgin wire, was used as the reference value in all experi-
ments. For all following results, the wire strain ¢ was calculated
with

LI,
L,

£ =

1)

The mechanical stress ¢ is calculated with

7174

F
= )
[10]
°h _.S

Figure 2. 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: prestressing motor; 11: linear direct drive. (Reproduced under terms of the CC-BY license Copyright 2023, Scholtes et al. published

by MDPI).%?
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where F is the force acquired by the loadcell and A, is the initial
cross-sectional area of the wire, which is calculated by

/3
Ay == * dy? 3
0= +do ®)
Additionally, a reset procedure was performed on the NiTi
wire before each experiment. With this measure, uniform initial
conditions for the wire specimen were ensured in every test.

3. Experiments and Results

In “Part 1” of these SMA actuation studies, tensile tests as well as
actuator tests are performed, to evaluate the influence of training
and different loads on the actuator and sensor properties of NiTi
wires. The main learnings are that the wire in the “as-delivered”
state is stable up to 200 MPa as intended by the manufacturer
and shows good stroke outputs at low stresses. A wide hysteresis
in the resistance versus strain signal is observed, indicating the
presence of R-phase fractions in the crystal lattice. An additional
training with 100 actuation cycles at 400 MPa proved to be supe-
rior to the also examined pure mechanical training. It leads to a
stable actuator behavior at up to 400 MPa and a decreased
resistance—stroke hysteresis. These effects come with the cost
of a reduced stroke, a shift in operational range, and a general
change in thermomechanical behavior, compared to the
as-delivered wire.

The objective is to investigate the actuator and sensor proper-
ties at increasing ambient temperatures, pushing the limits for
designing temperature stable actuator systems. The focus also
lies on optimizing the performance concerning stroke and force
in a wide range of operational temperature. Four bias systems
relevant for applications are examined. As the continuation of
the study in “Part 17, the same load parameters are used. In
the following, both samples, untreated and additionally trained,
are actuated under a constant stress of 200 MPa as well as a linear
bias spring ranging from 100 to 200 MPa. The sample with ther-
mal training is also investigated under 400 MPa constant stress
and a spring load of 200-400 MPa. The “as-delivered” wire is not
tested under the higher loads, as the previous study already dem-
onstrated its instability and the need for a prior training of the
sample.

The range of loads is chosen due to the relevance for applica-
tions. Apart from the influence of different stress levels, it also
creates a better understanding of how different slopes of the load
profiles affect the actuator and sensor performance of the NiTi
wire. The prestress of the spring configuration is set at room tem-
perature and is retained at the high-temperature experiments.
The expected contraction of the SMA wire due to the ambient
condition leads to increased prestresses of the spring, being
observed in the high-temperature stress—strain diagrams pre-
sented in the following subsections.

The experiments are conducted under temperature conditions
ranging from room temperature to 100 in 10 °C steps. When
80 °C is reached and the stroke is less than 1%, the temperature
is not increased further. For each test series, only the data of the
five highest temperatures is proposed in the following sections.
Additionally, the 23 °C experiment, which is also discussed in
“Partl,” is added as basis for comparisons. For the interpretation
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Imax

Currentin A

Imin- < >
tcycle : )
Timeins
Figure 3. Triangular current input signal for actuation tests with the
parameters cycle time Eeycles Minimum current lpin, and maximum current

Imax~

and discussion, resistance and stress are displayed over strain for
each ambient temperature. The Joule-heated activation of the
SMA wire is controlled with a triangular current signal and three
repetitions, as displayed in Figure 3. With the repetitions, the
stability of the behavior can be confirmed, and the possible dif-
ference of the first cycle is observable. The triangular current sig-
nal offers a varied and continuous input, enabling a thorough
examination of the SMA wire’s reaction to a spectrum of stimuli
compared to, for instance, a square wave. It helps to understand
the wire’s response under changing current levels, especially
concerning stress, strain, and resistance.

Typically for SMA actuators, the first cycle differs from the
following cycles due to different starting conditions. In this case,
they are caused by the reset test. This reset test is run before each
experiment to ensure the same starting conditions for every mea-
surement. For the reset, the wire is slack, heated to full austenite,
and then cooled down to ambient conditions with no load
applied.

The input parameters of the current signal are cycle time t.ye,
minimum current I, and maximum current [, as illus-
trated in Figure 3. The measuring current I, is set to 5mA
for all temperatures, ensuring a consistent resistance measure-
ment. teye and Iyay are adjusted according to the temperature
level to guarantee a repeatable and full cooldown of the SMA
sample as well as prevent overheating. In Table 1 the test param-
eters for the low-stress experiments (100-200 MPa spring load
and 200 MPa constant load) are shown. Table 2 includes the

Table 1. Test parameters depending on the ambient temperature for the
low-stress experiments.

Temperature in °C 23 40 50 60 70 80
Imax in MA 160 155 140 135 125 120
teycle IN S 40 60 80 80 120 120

Table 2. Test parameters depending on the ambient temperature for the
high-stress experiments.

Temperature in °C 23 50 60 70 80 90 100
Imax in MA 180 160 155 150 145 140 130
teycle IN S 40 60 80 80 120 120 120
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input parameters for the high-stress experiments (200-400 MPa
spring load and 400 MPa constant load).

The parameters are identified in preliminary tests. With
increasing temperatures, the heating current is reduced to avoid
overheating and damaging the NiTi wire. The cycle time is
increased accordingly, to ensure a full cooldown at the applied
ambient temperature.

3.1. Results of the Untreated Wire Sample under Low Stress

At low material stresses, which in this case means a maximum of
200 MPa, the transformation temperatures are low as well. Thus,
a drop in actuator stroke at relatively low ambient temperatures is
expected. Using linear springs to bias the SMA wire has the effect
that the material stress rises with increasing actuator stroke.
Therefore, also the phase transformation temperature of the
NiTi wire is not constant but strain dependent.

In Figure 4, the results of actuation experiments with a
spring prestressed to 100 MPa at 23°C are displayed for
temperatures between 23 and 80°C. The stress rises to
200 MPa due to the wire’s contraction and the spring stiffness.
Itis observed that with increasing ambient temperature, the min-
imum strain in austenite stays constant at 0.5%, but the martens-
itic strain decreases. For an application this means that the initial
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position cannot be reached after the temperature increases.
In a normally closed valve application, for example, the valve
would not close properly when a certain ambient temperature
is exceeded. Addressing the SMA stroke at significant tempera-
ture values, the overall stroke at 23 °C amounts to 4.7%, reduces
to 2.2% at 60 °C, and then drops fast to 0.3% at 80 °C.

The resistance curve, displayed in Figure 4 for six different
ambient temperatures, shows the typical hysteretic shape evoked
Dby the existence of R-phase portions, which is described in detail
in “Part 1.”1" In short, it can be explained by the significant dif-
ference in resistivity of the R-phase compared to that of austenite
and martensite. As the R-phase only occurs when cooling from
austenite to martensite (due to the similarity in lattice structure
of R and A), the curves of the heating and cooling path are
different.l>*!]

With increasing ambient temperature, the hysteretic
behavior remains in place and inner loops of the hysteresis
are observed. The slightly lower minimum resistance value of
19.8Q for the 23 °C experiment comes from the installation
of a new sample for the remaining experiments. With increasing
temperature, the minimum resistance values decrease mini-
mally from 20.1Q at 40°C to 20Q at 80°C. Otherwise, the
ambient temperature has no significant influence on the resis-
tance characteristics. With increasing temperature, inner loops
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Figure 4. Data of Joule heated actuation experiments with a “Dynalloy Flexinol” NiTi wire of 72 pm diameter under a spring load ranging from 100 MPa
(at 23 °C) to 200 MPa at varying ambient temperatures. Displayed are stress and resistance over strain for each temperature.
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Figure 5. Data of Joule heated actuation experiments with a “Dynalloy Flexinol” NiTi wire of 72 pm diameter under a constant load of 200 MPa at varying
ambient temperatures. Displayed are stress and resistance over strain for each temperature.

are formed due to the incomplete retransformation to
martensite.

The experimental data of actuator tests with 200 MPa of con-
stant stress are displayed in Figure 5. The temperatures of the
experiments range from 23 to 80 °C.

Constant loads are less relevant for most technical applications
but nonetheless important to understand the influence of the
load profile on transformation temperatures. Because of it
corresponding to a spring stiffness of zero, the ability to interpo-
late between the two presented experimental data sets is
constituted.

Compared to the spring load, where 200 MPa of stress are
applied at full contraction of the actuator only, the material stress
is constantly high at all strains and not depending on the wire
strain. This leads to increased transformation temperatures of
the NiTi, which is most pronounced when looking at the
60 °C results where the stroke ranges at 4.5%. That is a decrease
of only 0.8% in relation to the maximum stroke at 23°C.
Compared to that, the low-stress spring load exhibits a stroke
of only 2.2% at 60 °C. The stroke then drops more suddenly upon
increasing the temperature than with the spring load and ends
up at 0.3% at 80 °C. As expected, that is the same value as gen-
erated by the spring load with maximum 200 MPa. The resis-
tance hysteresis is, also with the increased overall stress, well

Adv. Eng. Mater. 2024, 2400432 2400432 (6 of 13)

pronounced and inner loops are observed with increasing tem-
perature. The width of the hysteresis depends on the material
stress, as increased stresses suppress the R-phase. Therefor
the width is similar where the stress level of the two experiments
is almost equal. At higher strains, the hysteresis of the constant
load is reduced compared to the spring load due to the larger
stress difference.

Under spring loads, the changing stress influences the trans-
formation temperatures of the material. This leads to a less dis-
crete temperature where the crystal lattice changes configuration.
In a strain—temperature diagram, like displayed in Figure 1, this
results in less vertical and more angled transformation areas.
Due to the constant stress in the data displayed in Figure 5,
the material’s transformation temperatures are discrete. A rather
sudden and more defined drop in actuation strain after exceeding
60 °C is therefore evident.

Combined with the larger overall stroke of the 200 MPa exper-
iment, several lessons can be learnt for SMA-driven applications.
When focusing on high stroke outputs and increased operational
temperatures, a higher stress leads to larger stroke outputs and
better functionality at high ambient temperatures. Accordingly, a
spring with low stiffness and high pretension, resembling a con-
stant load, is to be preferred as a biasing mechanism for better
functionality at elevated ambient temperatures.
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3.2. Results of the Thermally Trained Wire Sample Under Low
Stress

The wire sample used in this and the following subsection is
thermally trained with 100 cycles under a constant load of
400 MPa, by Joule heating the NiTi wire repeatedly. This proce-
dure and the results are discussed in detail in “Part 1.”" The goal
is to create mechanical stability at increased actuation stresses,
benefiting in higher force outputs and increased range of opera-
tional temperature of an SMA actuator wire. The training fur-
thermore leads to a shift in working point as well as a
reduced maximum stroke of the actuator, apparent when com-
paring the stress-strain curve in Figure 6 to the same of
Figure 4. Also, it is indicated that the resistance hysteresis is
reduced Dby the treatment. The electrical power versus strain dia-
grams of “Part 1,” which can be compared to temperature—strain
diagrams, suggest that the slope between Ag/Arand Mg/ Msis less
steep, and the phase transformation is spread over a wider range
of temperature.”! The results of the low-stress spring load actu-
ation experiments under increased ambient temperatures are
displayed in Figure 6. Except for the additional training of the
SMA wire, the experimental parameters are identical to those
in Section 3.1.
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It is observed that the width of the resistance hysteresis is
smaller than of the untrained wire. The maximum martensitic
length (23 °C) is shifted to 6.1% and the largest stroke is reduced
to 4%. These are the accompanying effects of the thermal train-
ing, as they are mentioned previously. A significant decrease in
stroke when reaching temperatures over 50 °C is evident but less
pronounced than with the untreated wire. At 70°C a stroke of
1.4% is still available and 0.7% are maintained at 80 °C. That
means, that although the stroke at low temperatures is reduced
due to the training, the effect is turned upside down at higher
ambient temperatures, indicating that the goal of the training
is met. Therefore, the actuator wire is better suited for high-
temperature applications after undergoing thermal training.
Additionally, the quality of the sensor signal is improved, due
to the smaller resistance hysteresis.

The results for the experiments with 200 MPa of constant
stress, similar to Section 3.1, are presented in Figure 7. Due
to the higher material stress over the larger part of the strain
curve, the resistance hysteresis is reduced further, compared
to the low-stress spring results.

Most importantly to observe is that, due to the training, the
stroke at 70 °C lies at 2.3%. This is contrasted by the as-delivered
wire (Figure 5), where less than 1% of stroke is remaining.
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Figure 6. Data of Joule-heated actuation experiments with a “Dynalloy Flexinol” NiTi wire of 72 pm diameter with additional thermal training. It is biased
with a spring load ranging from 100 MPa (at 23 °C) to 200 MPa. The experiments are run at varying ambient temperatures. Displayed for each temperature

are stress and resistance over strain.
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Figure 7. Data of Joule-heated actuation experiments with a “Dynalloy Flexinol” NiTi wire of 72 pm diameter with additional thermal training. It is biased with
a constant load of 200 MPa. The experiments are run at varying ambient temperatures. Displayed for each temperature are stress and resistance over strain.

A stroke of over 2% is well utilizable for most application designs
and comes with a good fatigue life. However, the threshold of
operational temperature where the stroke decreases to slightly
under 1% is still under 80 °C.

At this point a first conclusion for low stress actuation at high
ambient temperatures can be drawn: The required operational
temperatures are an important parameter when designing
SMA-driven applications. The results of the discussed experi-
ment for low stresses show that, depending on the stress level
and profile, SMA wires in untreated condition feature stroke
outputs of 4% and above up to ambient temperatures of 50 to
60°C. These findings are graphically illustrated in Figure 8.
It is observed, that under spring load, the phase transformation
spreads over a wider range of temperature than the constant
load.

Compared to the as-delivered samples, the thermally trained
SMA wire exhibits a reduced stroke at low temperatures. At a
threshold of about 60 °C, however, the beneficial outcomes of
the training become evident. As displayed in Figure 8, the stroke
of the trained wire drops less suddenly and a higher stroke at
ambient temperatures above about 60 °C is the consequence.

As to be expected due to the Clausius—Clapeyron ratio, a
higher stress increases the range of operational temperature.
When comparing the spring load to the constant load in

Adv. Eng. Mater. 2024, 2400432 2400432 (8 of 13)

Figure 8, the importance of the load profile of the SMA biasing
system becomes clear. For applications, a spring with high pre-
stress and low stiffness is to be preferred, for reaching high oper-
ational temperatures of the actuator system.

The relation of strain to resistance is not shifted by changing
ambient temperatures. This indicates a good robustness of the
self-sensing against altering ambient conditions.

3.3. Results of the Thermally Trained Wire Sample Under High
Stress

Due to the instability of the as-delivered NiTi wire above 200 MPa
of material stress, the experiments with 400 MPa and a spring
load resulting in 200-400 MPa are only performed with ther-
mally trained wire samples. The results of stress and resistance
over strain for the spring load are displayed in Figure 9. The max-
imum ambient temperature for the experiments is increased to
90 °C due to the higher material stress.

The maximum stroke at 23 °C amounts to 4.2%. Up to 70 °C,
the stroke output is slightly higher compared to the 200 MPa con-
stant stress experiment, but the difference is not distinctly pro-
nounced. This is caused by the stress increasing only slightly to
about 240 MPa at 70 °C.

© 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 8. Diagrams of the evolution of the actuation stroke of a 72 pm NiTi wire under increasing ambient temperature. A comparison between the as-
delivered wire (orange) and the thermally trained wire sample (blue) is displayed. Left: spring load with maximum 200 and 100 MPa at 23 °C; right:
constant load of 200 MPa.
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Figure 9. Data of Joule-heated actuation experiments with a “Dynalloy Flexinol” NiTi wire of 72 pm diameter with additional thermal training. It is biased
with a spring load ranging from 200 MPa (at 23 °C) to 400 MPa. The experiments are run at varying ambient temperatures. Displayed for each temperature
are stress and resistance over strain.
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The impact of the higher stress on the resistance hysteresis is
however significant. It is reduced to a minimum, resulting from
the combination of the training effect and the high stresses sup-
pressing the formation of R-phase portions in the crystal lattice.
This effect is independent from the ambient conditions, so that
no significant hysteresis is observed in these experiments also at
high temperatures.

At 70°C, an actuator stroke of 2.9% is evident, reducing
to 2% at 80 °C. At 90 °C, a strain difference of 1% is measured.
Starting at a value of 70 °C, the difference to the 200 MPa con-
stant stress experiment is well pronounced, as the spring rate
leads to increasing stress.

From an application perspective it can be derived, that if 2% of
strain is set as a minimum requirement for actuator applications,
an SMA system with the here-presented parameters can be oper-
ated up to 80 °C ambient temperature.

Looking to assess the limits of operational temperatures of
SMA wires, the highest overall stress investigated in this research
is discussed in the following sections. The resulting data for var-
ious ambient temperatures of the actuation experiments with
400 MPa of constant load are presented in Figure 10. With such
a high stress and the preceding training, it is possible to obtain a
working actuator system generating over 2% of stroke at 90 °C.
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With a maximum stroke of 4.9% at 23 °C, an increase in ambient
temperature to 70 °C results in a loss of only 0.5% of stroke, while
4% of stroke can be utilized at 80 °C.

Compared to the data of the high-stress spring load, displayed
in Figure 9, the hysteresis in the resistance curve increases
slightly due to the higher stress in the beginning of the contrac-
tion. A small intersecting loop, with a crossing point in roughly
half of the stroke, is observed. This can be explained by the
increased influence of temperature, elevating the resistance
before the A, at 400 MPa is reached. The observation underlines
the importance of the load profile when targeting a linear and
well-interpretable self-sensing signal for a system design.

As expected, the highest load of this investigation exhibits the
highest range of operational temperatures. To compare the
spring load to the high constant load, the evolution of stroke
output over the ambient temperature is shown in Figure 11.
As shown, the higher overall load results in a larger stroke over
the full temperature span. A decisive benefit of the 400 MPa of
strain is evident at 80 °C ambient temperature, as the stroke of
the spring load amounts to 2%, while the constant load leads to
4% of strain. As already mentioned in the introduction, 80 °Cis a
crucial value when it comes to applications in the automotive
industry for example.
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Figure 10. Data of Joule-heated actuation experiments with a “Dynalloy Flexinol” NiTi wire of 72 pm diameter with additional thermal training. It is biased
with a constant load of 400 MPa. The experiments are run at varying ambient temperatures. Displayed for each temperature are stress and resistance over

strain.
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Figure 11. Diagram of the evolution of the actuation stroke of a thermally
trained 72 pm NiTi wire under increasing ambient temperature. A compar-
ison between the spring load ranging from 200 to 400 MPa (orange) and
the constant load of 400 MPa (blue) is made.

When comparing the results of the high stress in Figure 11 to
the evolution of stroke in the low-stress results in Figure 8, the
increase in operational range, achieved by thermal training and
increased material stress, is obviously recognizable. Although the
untrained wire with 200 MPa of constant stress exhibits the larg-
est stroke at room temperature, its performance drops sharply
after reaching 60 °C. The 400 MPa constant stress experiments
with the additionally trained SMA sample feature almost the
same stroke at room temperature but can be run with 4% strain
at up to 80 °C. Naturally, increased material stress, alongside with
high strains, reduces the lifespan of SMA actuators. Wire
stresses of 200 MPa and below are in the region of high-
cycle- fatigue life in a Woehler diagram and cycle numbers over
1 million are common.'**334 With stress increased to 400 MPa
and strains of 3%, only finite life fatigue is to be expected.l****
The strain, on the other hand, also plays an important role in
fatigue life of NiTi actuator wires.!*** Reducing the wire strain
to 1%, for example, and ensuring the stroke by using a longer
SMA wire or utilizing transmissions can lead to better fatigue
life also under high stresses for operation at increased ambient
temperatures. For the application design this means that many
parameters must be weighed up against each other to meet the
requirements for the task at hand.

4. Application Design for Wide Temperature
Range

To showcase the application relevance, the findings and results of
the experimental investigation are transferred to an exemplary
application concept design. This emphazises the focus of the
research and its relevance for the implementation of SMA-driven
systems. As the multifunctional test rig can be used to test SMA
microwires against arbitrary loads, the actuator design is tested
and validated without having to manufacture a prototype. This
makes the evaluation of the SMA system design very fast, as
detailed mechanical design and construction are not needed at
this early state of a concept phase. The measurements for actua-
tor performance and for the suitability of the resistance signal are
precise and meaningful as they are not disturbed by potential
problems in the mechanical design of a prototype. As an

Adv. Eng. Mater. 2024, 2400432 2400432 (11 of 13)
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exemplary application, we choose a small, normally closed valve,
with a simple design of an SMA wire working against a bias
spring. Valves are a common application for SMA actuators, their
detailed design is discussed widely in literature and a variety is
already commercially available.**”! Britz et al. presented a
working prototype of a high-temperature SMA valve.['

Under standard conditions, the conceptualized valve works at
room temperature, and the pressure p does not exceed 1000 hPa.
Under these conditions, the closing time of the valve is to be less
than 1 s. Due to the restricted installation space and the necessary
stroke of the valve tappet, the required SMA stroke amounts to
3%. The small and lightweight valve has an expected lifetime of
10.000 cycles, which is in the area of finite life fatigue of NiTi at
elevated stresses.?**?%39 Although the data of SMA wire man-
ufacturers suggest higher cycle numbers and are supported by
first results with high-stress fatigue of SMA actuators, the actua-
tor service life needs to be evaluated in detail inside the actual
application.?*3® The main features of the valve, which are nor-
mally closed with SMA opening stroke of 3%, need to stay intact
at ambient temperatures of up to 60 °C. At that temperature, the
maximum pressure p, against which the valve tappet is required
to remain closed, is 250 hPa. For reliable functioning, also after
unpredictable events created by environemental influences, a
safety factor needs to be taken into account.

A sketch of the valve design is displayed in Figure 12. With
this sketch, the general functionality of the actuator design in
the examplary application is displayed. The normally closed state
is enabled by a spring sitting on the valve tappet, which is biasing
the SMA wire as well. The movement of the valve tappet is on one
end restricted by the valve seat and on the other side by an end
stop. The pressurized circular area of the valve tappet has a diam-
eter of 1 mm. Applying the Equation (1) and (2), it becomes evi-
dent that the spring force to hold the valve closed against the
pressure p corresponds to 200 MPa of material stress of a

deactivated

activated

Figure 12. Sketch of the SMA-driven valve in deactivated (upper) and acti-
vated (bottom) state. The stroke x between the end stops is marked. The
main parts of the design are as follows: 1: valve body; 2: SMA wire; 3:
compression spring; 4: valve tappet.
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72 pm wire. As by opening the valve, the wire stress increases to
over 200 MPa, a thermally trained NiTi wire, as introduced in this
study, is used. For reasons of consistency, the already investigated
bias spring system ranging from 200 to 400 MPa is utilized. For
the actuator test, the two endstops of the design shown in
Figure 12 are added at a strain of 6% and 3% to the load profile,
resulting in a valve stroke x of 3%. Due to this measure, a constant
opening stroke is ensured over a wide temperature range. Design
alterations to the valve to manage the flow of fluids, for example,
do not influence the working principle of the SMA. However, the
dynamics of the SMA wire inside the application are influenced
by some additional factors. The forced convection and temper-
autre of the medium, when in contact to the wire, as well as fric-
tion of the valve tappet, can play an important role for example.

The start of transformation reduces the load on the end stop
(valve seat), as shown in Figure 13, but the valve does not open,
due to the high prestress of the spring. Even at a temperature of
60 °C a delta in wire stress AF of 50 MPa is resting on the valve
seat, as displayed in Figure 13 on the right. That corresponds to a
force, high enough to hold the valve closed at 250 hPa of pressure
p. With the endstop being positioned at 3% of stain (see
Figure 13), the full stroke potential of the SMA wire is not used
on purpose. If overloads due to friction or wear result in addi-
tional residual strain, the actuator system does not fail immedi-
ately thanks to that buffer zone.

The dynamics of the SMA wire will be naturally reduced by the
increased ambient temperature. Allthough the activation time is
unnaffected and could happen in milliseconds, the convective
heat transfer to the surrounding air is slower due to the smaller
temperature difference. This can be counteracted by active cool-
ing of the SMA wire, submerging the wire in a liquid or choosing
an alloy with a higher Mg.[*%

To not electrically overheat the SMA wire in the open position
end-stop and take the changing ambient temperatures into
account, a feedback control for the Joule heating is needed in
such an application. As a feedback, the resistance value of the
SMA wire is suitable. In the here-proposed application design,
the resistance changes by about 3 Q between the maximum val-
ues. Choosing a fitting algorithm, the end-stops can be detected
via the inconsistencies in the evolution of the resistance signal.
These inconsistencies are observable in the resistance—strain
data of Figure 13 at 3% and 6%, where the endstops are reached.
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5. Conclusion and Outlook

In the presented work, the characteristics of Joule-heated SMA
microwires at elevated ambient temperatures are investigated.
The focus lies on the intricate influence of varying actuator loads
combined with additional training on the stroke output and resis-
tance signal. As the second part of a coherent work, the findings
from the previous article are developed further and are
supplemented.

Various experiments on the as-delivered NiTi wire as well as
the thermally trained wire with spring loads and constant loads,
each with a low and high stress level, are discussed. The temper-
ature range lies between room temperature and 100 °C. The
resulting data implies that increasing the material stress of
the SMA actuator from a usual range of 100-200 to 400 MPa
raises the operational temperature range about 30 °C. This mag-
nitude is to be expected due to the Clausius—Clapeyron ratio of
the material. The additional thermal training, necessary to gen-
erate a stable characteristic at elevated material stress, also influ-
ences the phase transformation temperature, as existing research
also suggests. This reflects on the utilizable stroke at high ambi-
ent temperatures as well. Even with low material stresses, the
actuator characteristics at 60°C and above are improved by
the measure. However, it is observed that there is a complex rela-
tion between training and wire stress, which does not necessarily
lead to improved actuator performance. For the examined train-
ing process and load parameters, this must be considered when
the ambient temperature stays under 60 °C. For the design of
actuator sensor systems it needs be taken into account that
the fatigue life of SMA actuators is reduced by increasing the
wire stress.*'*?l The hysteretic resistance signal also benefits
from the training and from the higher actuation stress. The
ambient temperature on the other hand does not influence or
shift the resistance-strain characteristic. From this it can be con-
cluded that the SMA’s self-sensing feature is robust toward alter-
ing ambient conditions.

The results are used to conceive an exemplary SMA-driven
application, that is then tested by HiL on the multifunctional test
rig. A small, normally closed valve, actuated by a 72 ym NiTi
wire, is designed. It features a stroke of 3%, working pressures
of 250-1000 hPa, and an operational temperature range up to
60 °C.

251 60 °C {400

24}
b 1300 &
5 23 [ 2
e £
© 22} ] »
8 AF{ 200 %
& 21+ n

41100
20r Resistance
Load X
19 : : : : : —o
0 1 2 3 4 5 6
Strain in %

Figure 13. Actuator and sensor characteristics of the SMA wire for the application design. Two distinct operational temperatures are displayed: room

temperature on the left and 60 °C on the right.
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Next steps to be taken in this field of research are the exami-
nation of the dynamics of SMA actuators under high ambient
temperatures. Therefore, different excitation waveforms like
square waves are utilized for Joule heating to then being able
to monitor the cooling time. Furthermore, the influence of other
load profiles and stress levels is to be investigated, looking for a
sweet spot in stroke utilization. As expected, the cooling time of
the SMA increases at elevated ambient temperatures. This behav-
ior can be counteracted by replacing the air surrounding the wire
with oil or water.*”) Currently research is being conducted on a
specific application with fluid-submerged SMA actuator wires.
The same is true for algorithms to compensate the resistance
hysteresis and thus read distinct position values from the self-
sensing data. Promising high-temperature SMA materials like
NiTiHf show the ability to solve many of the issues that come
with binary NiTi at high ambient temperatures in the
future.[*>*4
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Abstract: Shape memory alloys (SMAs) are becoming a more important factor in actuation technology.
Due to their unique features, they have the potential to save weight and installation space as well as
reduce energy consumption. The system integration of the generally small-diameter NiTi wires is an
important cornerstone for the emerging technology. Crimping, a common method for the mechanical
and electrical connection of SMA wires, has several drawbacks when it comes to miniaturization
and high-force outputs. For high-force applications, for example, multiple SMA wires in parallel
are needed to keep actuation frequencies high while scaling up the actuation force. To meet these
challenges, the proposed study deals with the development of a resistance-welding process for
manufacturing NiTi wire bundles. The wires are welded to a sheet metal substrate, resulting in
promising functional properties and high joint strengths. The welding process benefits from low costs,
easy-to-control parameters and good automation potential. A method for evaluating the resistance-
welding process parameters is presented. With these parameters in place, a manufacturing process
for bundled wire actuators is discussed and implemented. The welded joints are examined by peel
tests, microscopy and fatigue experiments. The performance of the manufactured bundle actuators is
demonstrated by comparison to a single wire with the same accumulated cross-sectional area.

Keywords: actuator; joining; sensor; shape memory alloy; welding

1. Introduction

Shape memory alloys (SMAs) have many beneficial attributes, especially in the form
of thin wires made of nickel-titanium (NiTi). Among those are a high energy density, a
high actuation frequency, a self-sensing capability and a unique form factor [1-4]. On the
other hand, there are applications that would benefit from SMA technology, with reduced
weight and smaller installation space, but requirements like high forces combined with
short cycle times cannot be met by usual designs of SMA actuators. As the force scales with
the cross-sectional area of the SMA wire, the thermal effects of the volume to surface ratio
result in long cooling periods.

Efficient product design requires a small number of parts and simple assembly pro-
cesses. Of course, this is also true for SMA actuators. The state of the art joining technology
for SMA wires is crimping. The crimp itself is an additional part, which needs to be
clamped on the wire. Compared to an SMA microwire, the crimp is heavy and large, and it
needs to be accessible from at least two sides for assembly. Additionally, high forces are
needed to fix the crimp.

For both issues with SMA wire technology there are solutions available. High forces
combined with high dynamics are achieved by bundling many small-diameter SMA
wires in parallel so that their force output adds up but the volume to surface ratio is
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consistent [3,5,6]. The difficult crimping process, on the other hand, can be replaced by
substance-to-substance bonds like glueing, soldering or welding, where the latter shows
most promising results.

The SMA phenomenon in NiTi alloys was discovered in the 1960s, and a lot of research
has been conducted on the topic since then [7,8]. Today, NiTi is still the commercially
most successful SMA material. Depending on the alloy composition, it behaves either as
superelastic or quasiplastic at room temperature. The superelastic alloys are by far the most
common and are widely used for medical applications like stents, guidewires, braces and
other devices [9]. They can fully recover strains up to 7% [10,11]. Rather new developments
based on superelastic alloys are the so-called elastocalorics, where superelastic SMAs
are used as solid-state heat pumps [12-15], and SMA-based stretchable electronics with
auxetic structures [16,17]. The titanium-rich, quasiplastic variant of NiTi can be plastically
deformed at room temperature by applying a load. When subsequently heated above the
phase transformation temperature, however, the deformation of about 5% is fully recovered
in conjunction with high-force outputs. Both effects are based on a phase transformation
of the crystal lattice structure between austenite (high-temperature phase) and martensite
(low-temperature phase), while in superelastic alloys, the martensitic transformation is
induced by stress and the transformation between austenite and martensite in actuator
applications is thermally induced.

NiTi has a high electrical resistivity that changes significantly depending on the
composition of the crystal lattice, the geometry, and the temperature. This effect, called self-
sensing, is used to generate a position feedback signal of an SMA actuator by measuring its
resistance during operation. SMA microwires (diameter smaller 100 um) feature cooling
times around one second and below under natural convection at air and room temperature;
furthermore, their unique form factor allows them to be fitted in tight spatial conditions.

Welding of NiTi and similar alloys is an extensive field of research [18,19]. It is mostly
concentrated on the similar and dissimilar laser welding of superelastic material for medical
applications, where good results of joint strength and material properties are achieved.
Laser welding has also been investigated for NiTi actuator wires down to diameters of
100 pm [20]. It has been shown that joints between NiTi and stainless steel as well as
copper are feasible [21,22]. Welded joints of NiTi and stainless steel have been proven to
show good mechanical properties. Other welding technologies like electron beam welding,
friction stir welding, TIG welding, impact welding and resistance welding have also been
investigated [23-25]. Published work on resistance welding, however, is not found in great
numbers but suggests promising results for micro-dimensions [26-29]. The previous work
of Scholtes et al. suggests that NiTi actuator wires with diameters between 100 um and
25 um can be welded to stainless steel sheet metal by spot welding, keeping 80 to 90% of
the material’s break load [30].

This research article discusses the dissimilar resistance spot welding of NiTi wires with
100 pm diameter from an engineering perspective. Most previous research on microwire
welding focuses on superelastic alloys and joining two wires for medical applications
or welding a single wire to a substrate. This work concentrates on joining NiTi actuator
microwires to a suitable substrate for manufacturing a bundle actuator having high-force
output and dynamics. The main targets are high joint break loads, good fatigue life and
the development of an automatable and cost-efficient welding and bundling process. A
detailed microstructural investigation of the samples is not part of this work. Welding
parameters are evaluated by pull-off tests as well as peel tests. The welded samples also
undergo an actuation fatigue test. The discussed welding process is faster, cheaper and
more durable than the commonly used methods to join NiTi wires. Due to the easy-to-
control parameters, the process is automatable, and wire bundles with small dimensions
and few individual parts can be manufactured.

SMA wire bundles are investigated due to the need to achieve high actuation fre-
quencies while also scaling up the force [3,31,32]. Bundling large-diameter wires enables
high force outputs of several kilonewtons, which is otherwise only possible by using SMA
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rods or bars [5,33]. These bundles are typically manufactured by clamping and wrapping,
which usually comes with the disadvantages of many individual parts, relatively large
clamp sizes and inconsistent electrical connections of the single wires. Welded bundles,
however, need only two substrates for the wires to be joined to. If these are sheet metal
parts, the bundles are very flat and feature an ideal installation space. However, they are
not restricted to that formfactor, and SMA wire bundles based on a tubular or rectangular
design are also possible. With these new bundles, systems with better performance, which
means higher force output with fast cycle times, can be realized. The fields of applications
for SMA actuators are broadened.

The rest of the article is split into three sections followed by a conclusion with an
outlook. Section 2 covers the setup of the welding machine and the experimental methods
to evaluate the welding parameters. In the first part of Section 3, the results of the parameter
studies are discussed and complemented by actuation and fatigue tests. The second part
of the section deals with the process of manufacturing welded SMA wire bundles and the
evaluation of the same by actuation experiments.

2. Materials and Methods

Resistance spot welding is a process where electrical current and pressure are used
to join two metallic alloys by melting them together at the point of contact, where a weld
nugget is formed [34]. It is commonly used in the automotive industry to join metal sheets
of a car body. Compared to laser welding, resistance welding is more cost efficient, and the
process is easier to control.

In usual spot-welding applications, two opposing electrodes clamp the workpieces,
which makes accessibility from two sides necessary. As it is beneficial from a manufacturing
and assembly perspective to perform the joining process from only one side, this work is
utilizing a gap-welding machine. As displayed in Figure 1, both electrodes are aligned
with a small gap in between them. The lower work piece, in this case a piece of sheet
metal, rests on a support, while the upper workpiece, the NiTi wire, is held in place by
the pressure of either two electrodes (series or gap welding) or one electrode, while the
second electrode contacts the sheet metal (step welding). By passing a current through
the workpieces, their interface is heated to melting temperature by the Joule effect. After
solidification, the pressure of the electrodes is released.

Cu electrodes Cu electrodes

NiTi
wire
sheet metal

/

sheet metal

weld nuggets weld nugget

gap welding step welding

Figure 1. Schematic of resistance gap welding (left) and resistance step welding (right) of NiTi wires
to a sheet of metal. Displayed are the two copper-based electrodes, pressing down on the work pieces.

The generated heat H is calculated by
H=T1**R*t*xK @

where [ is the welding current, R is the overall resistance, t is the welding time and K
is a thermal constant that depends on the geometry material and welding force. The
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resistance is the sum of the individual resistances of the workpieces and the electrodes as
well as the contact resistances between them. When studying Figure 2, it can be derived
that the highest individual resistance is required at R4, the contact resistance between the
weld partners.

R R,
[ |
R& DO AN
R
Ry ®
///1
+

Figure 2. Schematic of the distribution of the overall resistance in a resistance welding process. R2 R4
and R6 are contact resistances. R1 and R7 are the bulk resistances of the electrodes. R3 and R5 are the
bulk resistances of the weld partners.

The welding machine used in this work is a resistance gap welding head (Unitek,
Thin-Line, Monrovia, CA, USA) with spring-loaded electrodes and adjustable force up to
100 N. The spring loading allows the weld head to follow the collapsing of the weldment
when melting. The welding transformer Mac Gregor (Mildenhall, UK) DC 1000 supplies a
current of up to 1000 A (DC) in a double pulse with adjustable durations of 1 ms to 100 ms
and ramp up/down. For all experiments, electrodes made of CuCrl with a tip area of
0.64 mm? are used.

The SMA wire used for the experiments is a commercially available SAES Getters
(Milan, Italy) SmartFlex NiTi actuator wire with 100 um diameter and a thin amber-colored
oxide layer [35]. For the sheet metal substrate to which the wire is to be welded, a sample
geometry of 5 mm x 10 mm with a 3 mm hole is designed. This allows for easy installation
and fixation in the welding setup, the testing setups and in possible applications.

From an application perspective, copper and copper alloys are highly interesting as a
welding partner for the NiTi wires, as the electrical wiring can be soldered with common
methods. Furthermore, the next step with copper alloys could be a direct integration
of SMA actuator wires onto PCBs for micro-actuators. However, difficulties with good
welding results are expected, as relevant material parameters like electrical and thermal
conductivity, displayed in Table 1, differ greatly between NiTi and Cu alloys [36]. While
the resistivity of copper alloys is about tenfold smaller than that of NiTi and the thermal
conductivity is the same amount larger, SS offers similar parameters compared to NiTi.
Differences in those two parameters lead to an unfavorable shift in the resistance and heat
distribution of the weld partners. Therefore, good weldability of NiTi to steel is expected. A
feasibility study by Scholtes et al. confirms this assumption and presents promising results
with SMA wire diameters down to 25 um [30]. With special flux and solder (e.g., DIN EN
29453 (solder): S-Sn96Ag4 and DIN EN 29454.1, 3.2.2.A (F-SW11) (flux)), copper wires can
also be joined to stainless steel with low process temperatures. This enables the integration
of steel substrates to circuit boards and in general an easy electrical connection of the
welded SMA actuators without using copper alloys as welding partners.

Table 1. Material parameters relevant for resistance welding of NiTi, stainless steel and copper
alloys [37-40].

NiTi Steel CuSné CuZn30
Resistivity (20 °C) in Q-mm?2/m 0.86 0.75 0.11 0.06
Thermal conductivity (20 °C) in W/m-K 10 15 75 121
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For investigating the resistance welding of NiTi to copper alloys, CuSné (DIN 2.1020)
and CuZn30 (DIN 2.0265) are used. Alloying with zinc or tin increases the resistivity of
copper and reduces the thermal conductivity. The samples have a thickness of 0.4 mm. With
X6CrNiMoTil7-12-2 (DIN 1.4571) and X2CrNiMo17-12-2 (DIN 1.4404), two similar steel
alloys are used in this study. They both feature particularly good weldability and corrosion
resistance, while the 1.4571 is additionally alloyed with a small amount of titanium. The
main difference for the experiments lies in the sample thickness (1 mm for 1.4571, 0.3 mm
for 1.4404).

The welding procedure used in this work is displayed in Figure 3 in four steps. The
sheet metal sample is positioned in the workpiece holder. The NiTi wire, guided through
a small funnel, is placed on top of the welding partner. The weld head with two copper
electrodes is moved down, pressing on the wire and sheet metal with 100 N, as is displayed
in Figure 3(2). Then, the welding current is run through the weld partner, while the NiTi
wire is slack. On close inspection of Figure 3(3), the red-hot metal between the tips of the
electrodes is recognizable. After a short cooling time, the weld head is moved upwards, as
is depicted on Figure 3(4), and the NiTi wire is joined to the steel sample.

Figure 3. Step by step pictures of the resistance welding process: (1) placement of sheet metal sample
and NiTi wire under weld head; (2) weld head moved down, applying pressure on SMA wire with
both electrodes; (3) welding current is run through workpieces via copper electrodes; (4) weld head is
moved up and NiTi wire is joined to steel substrate.

As stated in Equation (1), the influence of the welding current is squared, while the
welding time has a linear effect on the generated heat. This work therefore focuses on the
variation in the welding current, because it has the greatest influence on the results. The
welding time is set to a constant value of two pulses with a 15 ms holding time and an
additional 5 ms for ramping up and down. The delay between the pulses is set to 10 ms.

For evaluating the welded samples with pull-off tests, a custom-designed test bench
(Figure 4) is used. It is mainly made to measure the break loads and joint strength of the
NiTi microwires. Two different pull-off tests are applied to examine the quality of the weld.
In a straight pull, the joint is loaded with a shear stress, which corresponds to the load in
an actuator application. For a better identification of the best process parameters, a peel
test is applied, where the NiTi wire is pulled off under an angle of 45°.

The most promising result is afterwards examined by optical as well as SEM mi-
croscopy of microsections and undergoes fatigue testing in cyclic actuator tests. The test
setup for fatigue testing is presented by Mayer et al. [41] and can also be used for basic
spring-biased SMA actuator characterization. The SMA wire bundles, which are manu-
factured with the elaborated welding parameters, are built by using an X-Y stage and a
stress-controlled installation of the NiTi wires. The actuator characteristics of the high-
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performance SMA bundles are examined on the same test rig. Therefore, a comparison
of force and dynamics with equal-length SMA actuators is carried out. A bundle of four
parallel 100 um NiTi wires is compared to a 200 um diameter wire. The actuators have
the same accumulated cross-sectional area and thus deliver the same force output at equal
material stress.

Wire Clamp Sample Clamp 3 Load Cell

NiTi Wire
/ -

Figure 4. Picture of the test setup for pull-off and peel tests of the welded samples. The sample clamp

is replaceable according to the type of experiment.

3. Results and Discussion
3.1. Parameter Study: Evaluation and Discussion

The first feasibility tests of resistance welding NiTi wires in various micro-diameters
to stainless steel quickly lead to good results [30]. The thermo-mechanical characteristics in
a stress—strain diagram show no measurable difference between the welded samples and
clamped or crimped samples. It is expected that the welding heat affects the properties of
the NiTi in the welding area and leads to brittleness and a loss of shape memory effect in
the heat-affected zone. The brittleness is to be expected due to the intermetallic compounds
that are formed [29]. This could potentially have a negative influence on the material
properties such as strength, transformation strain and fatigue life, among others However,
as displayed in Figure 5 on the left, the thermal mass of any wire-mounting element in
comparison to a microwire is so large that the SMA does not undergo phase transformation
in proximity to the fastener [5]. Due to this uneven heat distribution, welding does not alter
the functionality of SMA actuator wires. This also manifests in the actuator tests, where
the stroke does not change with the used joining technology (clamping or welding). As
illustrated in Figure 5, the heat-affected zone is smaller than the non-activated length at the
edges of an SMA microwire.

Figure 5. (Left): thermography of a crimped 76 um NiTi wire, where the influence of the heat sink on
the temperature distribution in the activated SMA wire is visible. (Right): the heat-affected zone of a
resistance-welded 100 um NiTi wire to stainless steel is recognized by the tempering colors.

Welding experiments with the introduced copper alloys are more challenging, and
satisfying results are not as easily achieved compared to steel joints. Due to the low
resistivity of CuSn6 and CuZn30, the contact resistance between the welding partner and
NiTi is similar to the contact resistance to the copper electrodes. This results in unsuccessful
welds, where the NiTi wire sticks to the electrodes of the weld head instead of the copper
alloy sample. The CuZn30 additionally tends to create an electric arc in the welding
process as the zinc evaporates, resulting in unusable welds. The most promising results are
achieved with gap welding, where the electrodes only contact the NiTi wire, and welding
currents of 400 A. The welded joint strength is significantly weaker than the joints to
steel with 300 A, which is display in Figure 6. The straight pull-off tests are conducted
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with five samples for each test. Because of the reasons discussed previously, more than
five welding attempts with the copper alloys are necessary to obtain five usable samples.

1200 u . ,

1000 T

800 1

600 1

400 | ]

Break Load in MPa

200 T

0 1 1 1
CuSn6 CuZn30 steel

Figure 6. Comparison of the joint break loads of a 100 pm NiTi wire welded to CuSn6, CuZn30 and
stainless steel. The results for average value and the spread of the straight pull-off tests are displayed.

The rupture of the NiTi wire usually happens in the heat-affected zone, which is to be
expected. The NiTi weld bead stays joined to the sheet metal. However, welded samples
with the copper alloys that result in weak joint strengths mostly feature a full separation
of the NiTi wire and sheet metal. The welding results with stainless steel are repeatable,
consistent and show high pull-off strength levels. The spread in the samples of both already
pre-selected copper alloys is four to five times higher than that of steel with about half the
average break load. Due to these factors, the investigation is continued with stainless steel
samples only.

The joint break loads in straight pull-off tests of samples with varied welding currents
with NiTi and 1.4571 exhibit values from 1000 MPa to 1200 MPa, and the differences are
hardly recognized. Therefore, the parameters for the optimal welding current are evaluated
by peel tests, which is a common testing method for resistance-welded sheet metals for car
body parts in the automotive industry. The test series starts with a current of 150 A and is
increased in 100 A steps up to a welding current of 550 A.

With each current, five samples are manufactured by step welding. The mean values
and spreads of the peel test results are displayed in Figure 7. As a sweet spot around
250 A and 350 A is recognizable, a further test series with a 300 A welding current is added.
Standard deviation is not displayed. Because of the relatively small number of samples,
the spread is more meaningful. The data show a noticeable trend, where the average joint
break load of the 300 A welding current is at a maximum with 417 MPa under peel load.
Increasing and decreasing the welding current level leads to a drop in the average break
load. It can also be determined that the spread of the peel break loads increases with
increasing welding current. From the results of the straight pull-off tests, as well as the
peel tests, it can be derived that resistance step welding of NiTi wires in micro-diameters
to stainless steel sheets is a robust and easy-to-control process. This is promising for the
application of an automated process for the manufacturing of SMA wire bundles and the
direct wire integration by resistance welding in SMA-driven systems. Compared to laser
welding, the proposed resistance welding process is cheaper and easier to control, and
the positioning of the wire on the weld partner is simplified. A laser-welding process of
NiTi microwires needs an additional fixation for the wire in the weld zone, and a special
treatment of the SMA prior to welding can be necessary.
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Figure 7. Average values and spread for the joint break loads achieved by peel tests with 100 um
NiTi wire resistance step welded to 1.4571 steel sheet metal.

As other parameters are known to influence the weld quality as well, the following
additional tests are performed with a 300 A current:

*  Gap welding;

*  Welding with a negative electrode, step welding;

¢ Pressure force reduced to 35N, step welding;

e Sample 1.4404 with 0.3 mm thickness, step welding;
¢  Thicker oxide layer on NiTi wire, step welding.

The data of these added tests are displayed in Figure 8, with the 300 A step welding
result as a reference value. It is recognizable that changing the welding method to gap
welding and a different steel alloy with smaller thickness does not measurably influence
the joint break load under peel stress. Reducing the force of the electrodes from 100 N to
35 N results in slightly lower strength.
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Figure 8. Average values and spreads of joint break loads of peel tests with various parameters and
300 A of welding current.

The Peltier effect is known to influence the formation of the weld bead in resistance
welding of small dimensions [41,42]. The heat transfer in the thermoelectric effect occurs
with the direction of the current, which is why the negative electrode should be placed on
the smaller or thinner weld partner. A positive result on the weld strength by changing the
electrode polarity is seen in this study as well. Placing the negative electrode on the NiTi
microwire increases the joint break load of the peel tests slightly, as can be read from the
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data displayed in Figure 8. During the manufacturing of NiTi wires, an oxide layer, mostly
consisting of titanium oxide, is formed. Commercially available NiTi actuator wires come
with oxide layers of different thicknesses. In general, it can be determined that a darker
wire surface corresponds to a thicker oxide layer.

As the oxide layer is expected to influence the contact resistance in a negative way, the
tests in this study are performed with a wire having a thin oxide layer. To compare both
versions, in Figure 8 the peel tests results of a 100 pm wire with a thick dark oxide layer are
displayed. The joint break load is significantly decreased. This indicates that the oxide layer
must be reduced or removed for proper resistance welding strength. The experimental
parameter identification for a dissimilar resistance welding process results in a robust
parameter set. With 300 A, a 100 pm NiTi wire with a thin (amber colored) oxide layer
can be welded to SS substrates with high joint strength and good repeatability. The exact
steel alloy and thickness and the electrode configuration have only minor influences on the
results. Common actuator applications work with up to 200 MPa of material stress, which
corresponds to a safety factor of over five when the wire is not loaded under an angle.

For further investigations, microsections of the weld bead are prepared and microscop-
ically examined. The sample is embedded in resin and cut down to where the weld bead
begins. After that, the sample is basically sliced, and microsections are prepared approxi-
mately every 100 pm. The sections of the weld bead are etched and examined with optical
microscopy, and the fusion zone is investigated by SEM and EDS, of which the results are
displayed in Figure 9. The radial cuts through the NiTi wire on the left side in Figure 9
show the deformation of the NiTi under the influence of welding heat and pressure. The
wire is flattened out and is pushed into the steel, which also softens due to the welding heat.
Resistance welding can join two materials by a solid-state bond as well as a fusion bond.
The first is known to show little strength under peel loads and can be identified by a clear
separating line in microscopical images. Additional to the high peel strength, Figure 9a—
suggest that a fusion bond is evident. Based on the SEM (see Figure 9b) and the added EDS
of a microsection of a sample with the same welding parameters, the fusion bond can be
verified. A transition zone between the NiTi and 1.4571 steel is visible. The data of a line
in the EDS through this zone, displayed in Figure 9¢c, shows a gradual distribution of the
main alloying elements of the two joining partners. This suggests a melting of steel and
NiTi in the welding area resulting in a strong fusion bond.

Section1 Section2

=Bxm

o

m
Nickel m Titanium

Figure 9. Microscopic analysis of resistance-welded NiTi to stainless steel. (a) shows microscopic
pictures of samples cut radial to the wire with distances of 100 um in between. In (b), an SEM picture
of a different sample is displayed with the results of an EDS in (c).
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For fatigue tests with the elaborated parameters, three samples with a 70 mm SMA
wire welded on both ends to 1.4404 sheet metal are manufactured. The NiTi wire is welded
on one side via step welding with the positive electrode, and the opposite side is joined to
the steel by step welding with the negative electrode towards the load. This is because of
the design of the setup of the welding machine and the workpiece holder on an X-Y stage,
which is also explained in the following section. Each sample is installed on a lifetime
test bench for fatigue testing detailed by Mayer et al. [43]. An in-depth discussion of the
test bench including sketches and pictures can be found in the dedicated publication. The
layout of the setup is horizontal and consists of three identical measurement stages aligned
beside each other. The SMA actuators are biased with a tension spring. For each activation
cycle, the maximum and minimum values for stroke as well as force are recorded. The
samples are preloaded with 300 MPa (2.35 N) and heated with an electrical current of
300 mA until 3% of stroke is reached, which leads to increase in stress due to the spring
characteristic of 400 MPa (3.14 N). After the specified stroke is reached, the samples cool
for 3 s. The activation is repeated until failure of the sample. The results of the fatigue tests
are illustrated in Figure 10, where the evolution of the stroke over the cycles is displayed.
This behavior is typical for the high stress actuation of SMA wires. The failure of all three
samples was due to breaking of the wire in 30% to 50% of the wire length from the weld
spot. Sample Nr. 1 failed after 26,208 cycles, sample Nr. 2 after 26,362 cycles and sample
Nr. 3 after 33,407 cycles.

4

w

— — — Stroke Offset Nr.1
Max. Stroke Nr. 1
— — — Stroke Offset Nr. 2
Max. Stroke Nr. 2
— — — Stroke Offset Nr.3
Max. Stroke Nr. 3

N
T

Stroke in %

-
T

0 0.5 1 15 2 25 3 3.5
Number of Cycles «10%

Figure 10. Fatigue test of three samples of 100 um NiTi wire welded to steel sheet metal. Displayed is
the maximum and minimum stroke of each cycle until failure.

The slight differences in stroke are due to differences in friction in the test setups as
well as deviations in spring stiffness and pretension of up to 5%.

The results indicate that resistance welding does not affect the fatigue strength of NiTi
actuator wires in a negative way. With the joint strength under a straight pull of 80% to 90%
of the NiTi break load and fatigue strength in the same region as unwelded SMA wires, the
welding process is a promising joining technology for actuator applications. Because of the
material-to-material bond, the electrical connection is superior to clamping or crimping,
which can lead to enhancement of the resistance signal quality for self-sensing applications.
Derived from the proposed results, a large process window is at hand. While an optimum
can be shown, the welding current can be set in a rage of 250 A to 350 A with different weld
partners, electrode configurations and polarities. With the exception of thick oxide layers
on the NiTi wire, sufficient weld strength is always achieved.

3.2. Welded SMA Bundle Actuators

To scale the force of an SMA actuator wire, the straightforward method is to increase
the wire diameter. However, this measure reduces the dynamics of the actuator drastically
because the cooling time increases. The cyclic dynamics of actuators is crucial for many
applications. Therefore, installing several thin NiTi wires mechanically in parallel is
beneficial. To allow air convection between the single wires, a determined distance between
the wires needs to be set.
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In this work, flat wire bundles, as displayed in Figure 11, are designed and manu-
factured. They feature installation space for up to seven microwires at a width of 5 mm.
This results in a force output of 11 N at 200 MPa combined with short cooling times. The
manufacturing process is based on an X-Y stage with two workpiece carriers for the sheet
metal substrates. The stage is positioned under the resistance weld head. The adjustable
distance between both carriers defines the length of the actuator bundle. The NiTi wire is
guided from the reel through a funnel (see Figure 3) and positioned on a specified spot
on the steel substrate. After the SMA wire is welded to the first piece of sheet metal, the
workpiece holders move sideways and pull wire through the funnel from the reel until the
second piece of sheet metal is positioned under the weld head. The wire length is set with a
defined prestress, which is then released for the welding process. After the wire is attached
on both ends, it is cut, and the next NiTi wire is placed in a defined distance from the first
one. The procedure is repeated until the desired number of parallel wires is attached.

Figure 11. Pictures of a welded SMA wire bundle consisting of five 100 um wires welded to stainless
steel substrates. The upper picture shows a whole bundle with a 105 mm wire length. The bottom
picture shows a detailed view of the weld spots.

For evaluating the performance of the bundle, actuator tests to compare a bundle to
a single wire with a larger diameter are run. A 200 pm diameter wire features the same
accumulated cross-sectional area as four 100 um wires. Therefore, they feature similar force
output at the same material stress level. The experiment is run on the same setup as the
fatigue tests. Both actuator samples have a length of 70 mm and are biased with the same
spring. The samples are prestressed to 4.15 N (130 MPa) and activated via Joule heating
with a constant current pulse of 800 mA for a duration of 2 s. The activation is repeated
three times with a cooling time of 8 s in between. The experimental data are displayed in
Figure 12. Both samples reach a stroke of 4% and a force of 10.8 N (340 MPa). The crucial
part of the data is the time response of both samples. While the single wire heats faster than
the bundle, it takes distinctively longer to cool. This is due to the difference in the ratio of
the surface to cross-sectional area. The bundle dissipates heat faster via natural convection
than the 200 pm wire. The single wire resets by 1% after 1.5 s, and the bundle resets by
3.3%. The bundle reaches 95% reset of stroke after 2.3 s, while the 200 pm wire takes 3.7 s.
Also, it takes 7 s for the single wire to reach the initial force value, while the bundle takes
only about 50% of that time. It can be assumed that the dynamics do not change when
adding more wires to the bundle to increase the force output further.
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Figure 12. Comparison between bundle of four 100 um wires and a single 200 um diameter wire.
Displayed are force, stroke and current over time of three consecutive actuation tests.

Compared to the manufacturer’s data of a 100 um SMA wire, the cooling time mea-
sured in this experiment is slightly higher [44]. This can be explained by the proximity
of the heated wires in the bundle that reduce the heat transfer to the ambient air, as also
discussed by Britz et al. [5].

So far, the literature on SMA wire bundles is concentrated on clamped or crimped
wires. The welded bundles in this work are more compact, easier to manufacture, need
fewer individual parts and prove to be durable as well. Data on welded NiTi bundles
with different welding technologies are not yet available. However, the electrode size of
the resistance weld head is setting the limits for the distance between the wires, and the
manufacturing speed is restricted by the movement of the mechanical parts of the setup. A
laser-welding process could be faster and enable to further reduce the installation space.
These attributes come with the cost of a more complex and expensive process.

The SMA actuator bundles presented in this work are already used in a variety of
different research projects. Scholtes et al. designed different industrial grippers driven
by the presented bundles [45-47]. The latest version of a gripper driven by SMA bundles
with six wires in parallel was awarded “Hardware Winner” of the “CASMART 4th Design
Challenge” at the SMST conference in 2021 [48]. Furthermore, Simone et al. used the
developed actuator bundles for their design of a bioinspired gripping system, and Pirritano
et al. utilized them to drive a small rotary motor [6,49].

4. Conclusions

Resistance welding represents a valid joining technology for NiTi microwires. The
presented work demonstrates the feasibility to join the SMA wires to stainless steel as well
as copper alloys without negatively influencing the material properties. The welding results
to steel are especially promising. The verified fusion bond leads to high pull-off strength as
well as high fatigue strength. Also, peel tests prove to be a useful tool for the parameter
identification of resistance welding processes for NiTi wire. Cyclic actuation tests show
that the fatigue life is not reduced by the welded joints. The welding process itself is robust,
as the parameter identification shows. With the help of resistance welding, automated and
reliable bundling processes are possible. The designed bundles are compact and flat, while
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showing high performance compared to single wires. The cooling time is 1.4 s faster than a
wire with the same accumulated cross-sectional area. The performance of the bundles has
already been successfully verified in a variety of technology demonstrations and prototypes.
The results of this work are an important step towards industrial manufacturing of high-
performance SMA actuators.

The joining of NiTi wires to copper alloys is an open question for future work. Al-
though a welded joint between the two materials can be established, further research to
improve the joint strength is needed. Another field that needs to be examined is the design
parameters of NiTi wire bundles. The understanding of the influence of wire distance,
wire number and geometrical arrangement on the cooling time is important for a further
development of the technology.
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3 Fazit und Ausblick

In der Arbeit werden, neben vielen konkreten und fiir Anwendungen wichtige Daten und
Messungen, Methoden erarbeitet und vorgestellt, mit denen sich FGL-Aktordrdhte
vollumfanglich charakterisieren lassen. Auflerdem wird ebenfalls eine Systematik aufgezeigt,
um WiderstandsschweiBBprozesse fiir FGL-Mikrodrdhte zu entwickeln. Daraus resultiert eine
neue und vielversprechende Fertigungsmethode fiir FGL-Drahtbiindel.

Das wichtigste Werkzeug zur Charakterisierung der Aktordréhte ist dabei der multifunktionale
Priifstand fiir FGL Mikrodrdhte. Durch dessen besondere Funktionen lassen sich die
relevantesten Parameter fiir Aktor-Sensor-Systeme mit unterschiedlich behandelten FGL-
Dréhten in Durchmessern bis zu 100 pm ermitteln. Die Methoden, insbesondere die sogenannte
,Basic Characterization* als auch die Aktortests mit unterschiedlichen Vorspannmechanismen,
ermOglichen einen Vergleich zwischen unterschiedlichen FGL Dréhten (Hersteller, Training,
Legierungszusammensetzung, etc.). Somit kann der fiir eine spezielle Anwendung am besten
geeignete Draht und die passende Konditionierung ermittelt werden. Die Erkenntnisse zu
Widerstands- und Hochtemperaturverhalten, und wie diese mittels des Trainings und der Last
beeinflussbar sind, ermoglichen die Entwicklung von robusteren und vielseitigeren Aktor-
Sensor-Systemen.

Mit der Ausarbeitung des gut zu beherrschenden Widerstandsschwei3prozesses, lassen sich die
entsprechenden Systeme mit Drahtbiindeln bestiicken, die eine deutlich verbesserte Dynamik
im Vergleich zu bisherigen Systemen mit Einzeldrdhten in grof3eren Durchmessern aufweisen.
Die flachen und kompakten Biindel konnen in engsten Baurdumen untergebracht werden und
helfen so bei der Miniaturisierung von Antriebssystemen. Mithilfe des Spalt- beziechungsweise
Stufenschweiprozesses ist wihrend der Montage nur die Zuginglichkeit von einer Seite
notwendig. Somit lassen sich auch Einzeldrdhte leichter als mit Klemmungen aus Schrauben
oder Crimps in Baugruppen integrieren. Mit der Methode der Schélversuche, anstatt
gewohnlicher Abrissversuche, lassen sich die entsprechenden Parametersitze eindeutig
ermitteln. Im Vergleich zum oft untersuchten und weiter verbreiteten Laserschweillen, ist die
hier aufgezeigte Verbindungstechnik kosteneftektiver, leichter zu handhaben und einfacher zu
automatisieren. Auflerdem gibt es prozessbedingt keine Probleme mit der Drahtpositionierung

oder -fixierung wihrend des Schweil3ens.
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3.1 Abgeleitete Anwendungen

Die Ergebnisse der Forschungsarbeit haben bereits eine Reihe von Entwicklungen von
neuartigen Systemen und Anwendungen mit FGL-Antrieb und -Sensorik ermdglicht. Einige
Beispiele hierfiir werden im Folgenden vorgestellt. Grundlage fiir die Entwicklung der
Technologiedemonstratoren sind sowohl die Ergebnisse der Charakterisierungsstudie als auch
die geschweiften Drahtbiindel.

Vor dem Hintergrund, dass ein groB3er Teil des Energieverbrauchs der produzierenden Industrie
der Erzeugung von Druckluft dient, ist die vollstindige Elektrifizierung von neuen
Produktionsstralen ein wichtiger Schritt zur Reduzierung des Energieverbrauchs. Damit auf
Druckluft verzichtet werden kann, miissen auch die eingesetzten Pneumatikgreifer (siche
Abbildung 1 im Hintergrund), durch elektrisch angetriebene Modelle ersetzt werden. Im Zuge
dieses Umbaus wurde, in Zusammenarbeit mit der Firma Bosch (Standort Homburg), der
Prototyp eines Industriegreifers mit FGL Antrieb entwickelt [68], [83], [84]. Durch die bistabile
Antriebsmechanik, die auf einer vorgespannten, drehbar gelagerten Blattfeder basiert, weist der

Prototyp eine hohe Energieeffizienz auf.

Abbildung 1: links: Fotografie des Prototyps eines Festkorpergelenkgreifers mit bistabilem FGL Antrieb vor
einem Pneumatikgreifer, wie er aktuell in der Industrie eingesetzt wird. rechts: Explosionsansicht des CAD
Modells des Greifers.

Die geschlossene und offene Position wird selbststindig und energiefrei gehalten. Nur fiir das
Offnen und SchlieBen sind kurze Stromimpulse notwendig. Wie in Abbildung 1 zu erkennen,
ist die Greiferkinematik mit Festkorpergelenken ausgelegt. Diese haben, im Vergleich zu
herkdbmmlichen Gelenken, die Vorteile, dass sie spielfrei arbeiten und nicht dem

Reibungsverschleil unterliegen. Als Weiterentwicklung dieses Greifers wurde im Rahmen der
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»CASMART Student Design Challenge 2021* ein im Bauraum optimierter, bistabiler Greifer
inklusive eines Handling Systems in Form eines Schwenkarms entwickelt. Im Verlaufe des
Wettbewerbs wurde das System als Sieger im Bereich ,,Hardware Design® gekiirt [85]. Die
Weiterentwicklungen des Greifers liegen im Bereich des Gehduses, der Festkorperkinematik
sowie der Lagerung der bistabilen Blattfeder. Die bistabile Mechanik in beiden Greifer
Modellen wird von insgesamt vier Drahtbiindeln, bestehend aus jeweils sechs NiTi-Drahten mit
100 um Durchmesser angetrieben. Auch der Schwenkarm, an dem der Greifer, wie in
Abbildung 2 zu erkennen, montiert ist, verfiigt iiber zwei stabile Positionen und wird mit
geschweilliten FGL-Drahtbiindeln angetrieben. Die Bistabilitdt des Arms wird mittels einer

exzentrisch angebrachten Zugfeder erreicht.

Abbildung 2: FGL-angetriebenes bistabiles Greifsystem ,,SmartGrip* als Anwendungsbeispiel fiir die
Lebensmittel Industrie. links: System bestehend aus Schwenkarm, Greifer und Demo-Plattform. rechts:
Detailaufnahme des Greifers mit Praline in der Werkstiickaufnahme.

Die Auslegung der FGL-Systeme basiert dabei auf den Ergebnissen der
Charakterisierungsstudien, vorgestellt in den ersten beiden Verodffentlichungen in dieser Arbeit.
Durch den Verzicht auf Druckluft ist das Handling System fiir die Lebensmittelindustrie
pradestiniert. Daher wurde, wie in Abbildung 2 auf der linken Seite zu erkennen, als
Beispielanwendung der Transport, bzw. die Zufiihrung von Pralinen, aus einem Stapelmagazin
gewahlt.

Bei der Entwicklung von FGL-basierten Antrieben muss oft, zum Beispiel aufgrund des
Bauraums, zwischen hoherem Kraftabtrieb und hoherem Hub abgewogen werden. Um dennoch
einen Industriegreifer mit groBem Greifbackenhub und hoher Greifkraft bei einer Zykluszeit
von einer Sekunde zu erreichen, muss eine grole Anzahl an gebiindelten Drihten mit einer
hohen Hub-Ubersetzung kombiniert werden. Umgesetzt wurde dies anhand eines
Parallelgreifers zur Anwendung mit kollaborativen Robotern (Cobots), dargestellt in

Abbildung 3. Als Antrieb arbeiten in dem Greifer 96 NiTi-Dréhte mit einem Durchmesser von

94



76 um und einer Lange von 85 mm. Sie setzen sich zusammen aus geschweifiten Biindeln mit
jeweils sechs Drdhten. Durch einen gekoppelten Teleskopmechanismus und eine
Ubersetzungsmechanik erreicht der Greifer eine maximale Greifkraft von 14 N bei 30 mm
Offnungshub. Durch die integrierte Druckfeder als Vorspannmechanismus fiir die FGL-Drihte,
ist der Greifer ,,normally closed. Das bedeutet das Halten der Werkstiicke erfolgt energiefrei

[67].

Abbildung 3: CAD-Konstruktion (links) und Foto (rechts) des ersten Prototyps eines Leichtbau Parallelgreifers
mit FGL-Antrieb zur Anwendung mit kollaborativen Robotern.

Bei einer weiteren Entwicklung wird der Vorteil der Kompaktheit der FGL-Biindel ausgenutzt
und die Auslegung geschieht ebenfalls basierend auf den Messungen des multifunktionalen
Priifstandes. Ziel der Entwicklung war ein vollintegrierter, lautloser, leichter und kompakter
Rotationsantrieb [56]. Konzipiert ist der Rotationsaktor mit FGL-Biindel Antrieb fiir den
Automotive Bereich, um neue Funktionalititen in engsten Baurdumen unterzubringen. Die
CAD-Konstruktion des Prototyps ist in Abbildung 4 zu sehen. Hier ist die integrierte
Steuerplatine, die Zahnstangen- und Zahnradiibersetzung sowie eines der beiden antagonistisch

arbeitenden FGL-Bindeln zu erkennen.

Abbildung 4: links: CAD-Baugruppe des kompakten FGL-Rotationsantriebs mit antagonistisch angeordneten,

widerstandsgeschweifiten FGL-Biindeln., rechts: Foto des fertig montierten Systems mit Winkelanzeiger.
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Durch ihre feine Struktur erinnern FGL-Mikrodréihte an textile Fasern. Daher existieren auch
einige Forschungen im Bereich der Textilintegration, um Stoffe mit Hilfe von FGL mit aktiven
Funktionen auszustatten [86]-[89]. Hierzu wurde mit FGL-basierten weichen Knopfen zur
Integration in textile Oberflichen ein Beitrag geleistet [66]. Dabei werden beide Aspekte der
NiTi-Drahte, namlich Aktor- und Sensoreigenschaft, genutzt. Die eigentlichen Knopfe,
dargestellt auf der linken Seite in Abbildung 5, bestehen aus flachen, 3D gedruckten TPU
Kreuzstrukturen, unter denen diinne FGL-Drdhte angebracht sind. Durch die Aktivierung der
FGL-Dréhte beult das Kreuz nach oben aus und kann als Knopf genutzt werden. Durch Driicken
des Knopfes werden die FGL-Dréhte gedehnt und ihr Widerstand erhdht sich. Der Widerstand

kann in Form eines Spannungssignals ausgelesen werden.

deactivated

/‘g\,

activated

Abbildung 5: Technologiedemonstrator mit aktiven, integrierbaren Knopfen mit FGL-Sensor und -Aktor
Eigenschaft. links: Knopf als TPU Kreuzstruktur mit integriertem FGL-Draht. rechts: Textilintegration der Knopfe
mit kontinuierlichem Signalausgang.

In dem entwickelten Technologiedemonstrator wurden die Kndpfe fast unsichtbar, rasterformig
in ein Textil integriert. Bei Aktivierung der Kndpfe werden diese durch die Wolbung nach oben
sichtbar. Mittels farbverdnderlicher LEDs wird der Druck auf die Knopfe visualisiert. Der
Farbverlauf dndert sich dabei mit Erhéhen der Druckkraft kontinuierlich von griin zu rot.
Entscheidend fiir die Auslegung des FGL-Systems sowie der Ansteuerungs- und
Auswerteelektronik sind dabei die Widerstandsdaten der FGL-Drihte bei Aktivierung und
unter Zug, die auf dem Charakterisierungspriifstand ermittelt wurden.

Auch andere Forscherinnen und Forscher haben bereits unter Zuhilfenahme der, in dieser
Dissertation vorgestellten, Forschungsergebnisse neue FGL-Anwendungen entwickelt. Dazu

zahlen zum Beispiel der Verdffentlichungen von Simone et al. und Goergen et al [82], [90].

96



3.2 Ausblick

Der entwickelte Priifstand und die vorgestellten Methoden zur Charakterisierung von FGL-
Drdhten legen die Grundlage fiir weitere zukiinftige, systematische Untersuchungen der
Materialeigenschaften fiir den Aktor und Sensor Bereich. Beispiele fiir solche Untersuchungen
sind der Einfluss von unterschiedlichen Trainingsparametern und
Legierungszusammensetzungen auf die FEigenschaften. Eine erste Studie zum Einfluss
unterschiedlicher Trainingsmethoden auf die Lebensdauer der Aktordrdhte wurde bereits in
Form einer Master-Thesis gestartet. Ein Gebiet, das bei den Untersuchungen zur
Materialcharakteristik nicht bearbeitet wurde, ist die Dynamik, beziehungsweise die
Abkiihlgeschwindigkeit der NiTi-Legierung. Um dies in Zukunft zu ermdglichen, wird die
kraftgesteuerte Regelung der Linearachse in derselben Abschlussarbeit optimiert. Damit wird
eine schnellere Riickstellung des FGL-Drahtes erreicht und somit kann auch die Dynamik des
Aktuators unter unterschiedlichen Vorspannungen und bei erh6hten Umgebungstemperaturen
untersucht werden. Die Ergebnisse bis dato haben allerdings schon grofles Potenzial aufgrund
der neuen Erkenntnisse iiber das Verhalten der FGL-Drihte die Entwicklung zukiinftiger,
neuartigere Systeme zu ermoglichen und zu unterstiitzen.

Die Mikrodrahtbiindel, mit unterschiedlichen Drahtdurchmesser, werden aktuell weiterhin in
neuen Forschungs- und Entwicklungsprojekten genutzt, um die optimale Funktionalitit von
FGL-Antrieben auszunutzen. Die Biindelungsmethode mit dem Widerstandsschweil3prozess
zeigt das Potenzial, demnéchst auch in der Serienfertigung von Produkten mit FGL-Antrieb
eingesetzt zu werden. Trotzdem wird daran weiter geforscht, um zum Beispiel dickere
Drahtdurchmesser oder abgeénderte Geometrien zu verwenden.

Im Bereich der Biindelung besteht des Weiteren noch Forschungsbedarf bei der gegenseitigen
Beeinflussung der Dréhte beziiglich ihrer Temperatur. Drahtabstand, -durchmesser, -lage und -

anzahl sind hier einige beispielhafte Einflussfaktoren auf die Abkiihlzeit der Biindel.
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Anhang

Erganzende Messdaten zu Veroffentlichungen

Zu der Veroffentlichung “Electro-Thermo-Mechanical Characterization of Shape Memory Al-
loy Wires for Actuator and Sensor Applications — Part 1: The Effects of Training” sind ergén-

zende Daten verdffentlicht, welche den zeitlichen Verlauf der Messdaten fiir alle Messungen

darstellen. Diese unterstiitzenden Informationen sind im Folgenden im Original abgedruckt.

Supporting Information:

For comprehensiveness, the timings of the basic characterization and all actuation tests in

sections 3.3 and 3.4 are displayed in the following.
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Figure S1: Timing of the tensile experiment with the untreated wire sample discussed in

section 3.3. Displayed are the results of five experiments with varying heating power and a

strain rate of 0.05s™".
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Figure S2: Timing of the tensile experiment with the mechanically trained wire sample

discussed in section 3.3. Displayed are the results of five experiments with varying heating

power and a strain rate of 0.05s™.
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Figure S3: Timing of the tensile experiment with the thermally trained wire sample

discussed in section 3.3. Displayed are the results of five experiments with varying heating

power and a strain rate of 0.05s™.
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Figure S4: Actuator experiment with mechanically trained wire and a linear spring load

corresponding 100 MPa of prestress and 200 MPa maximum load. The plots display the

timing of the experiment discussed in section 3.4.1.
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Figure S5: Actuator experiment with thermally trained wire and a linear spring load

corresponding 100 MPa of prestress and 200 MPa maximum load. The plots display the

timing of the experiment discussed in section 3.4.1.
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Figure S6: Actuator experiment with untreated wire and a constant load corresponding to

200 MPa of stress. The plots display the timing of the experiment discussed in section 3.4.2.
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Figure S7: Actuator experiment with mechanically trained wire and a constant load

corresponding to 200 MPa of stress. The plots display the timing of the experiment discussed

1n section 3.4.2.
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Figure S8: Actuator experiment with thermally trained wire and a constant load

corresponding to 200 MPa of stress. The plots display the timing of the experiment discussed

in section 3.4.2.
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Figure S9: Actuator experiment with untreated wire and a linear spring load corresponding
200 MPa of prestress and 400 MPa maximum load. The plots display the timing of the

experiment discussed in section 3.4.3.
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Figure S10: Actuator experiment with mechanically trained wire and a linear spring load

corresponding 200 MPa of prestress and 400 MPa maximum load. The plots display the

timing of the experiment discussed in section 3.4.3.

< 0.2
=
§ 0.1
5
O 9 | ! !
0 50 100 150 200
= 4
=
82
S
e | | |
0 50 100 150 200
=
<05
o
2
o
T, . | |
0 50 100 150 200
Timeins

Stress in MPa

Resistance in Q2

Strain in %
o N M O

o

50 100 150 200

N
o
o

N
o
o

50 100 150 200

50 100 150 200
Timeins

Figure S11: Actuator experiment with thermally trained wire and a linear spring load

corresponding 200 MPa of prestress and 400 MPa maximum load. The plots display the

timing of the experiment discussed in section 3.4.4.
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Figure S12: Actuator experiment with untreated wire and a constant load corresponding to

400 MPa of stress. The plots display the timing of the experiment discussed in section 3.4.4.
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Figure S13: Actuator experiment with mechanically trained wire and a constant load

corresponding to 400 MPa of stress. The plots display the timing of the experiment discussed

1n section 3.4.4.
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Figure S14: Actuator experiment with thermally trained wire and a constant load

corresponding to 400 MPa of stress. The plots display the timing of the experiment discussed

1n section 3.4.4.
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