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Abstract

Shape Memory Alloys have sparked great amount of interest in the field of actuation
over the past decades. Until now, sensorless position estimation of SMA actuators under
dynamic unknown applied stresses has not been feasible due to the complexity of the system
and the number of unknown parameters which the proposed extra information obtained
from the embedded sensor solves. In this thesis, a novel laser processed NiTi Shape Memory
Alloy (SMA) actuator is proposed containing two different material compositions in one
monolithic piece of actuator wire. Each of these compositions behaves differently at room
temperature, one exhibits a shape memory effect (SME) for actuation, and the other is
pseudo-elastic (PE) which is used to enable an embedded sensor. Fabrication of the wire
included laser processing, heat-treatment, and cold-working procedures. The actuator
wire was subsequently trained to stabilize its properties using iso-stress thermal cycling.
Additionally, a novel model-based sensorless position estimation algorithm is presented.
Proposed model can estimate the position of the actuator under varying applied stresses
with an approximate accuracy of 95% only using dual resistance measurements across the
two different material compositions. The proposed actuator has significant application in
robotics, wearables, haptics, automotive, and any other application which the mechanical
load is not known in advance. Two simple position and force controller schemes using the
proposed dual-resistance measurement position (and force) estimation are discussed and
the control results presented. The proposed position estimation algorithm is used for the
feedback-signal of a simple PID position and force controller scheme. Moreover, another
novel sensorless position estimation of SMA actuator wires are presented using the power
measurement of the standing wave cause by the reflection of a high-frequency signal at an

un-terminated end.
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Chapter 1

Introduction

Shape Memory Alloys (SMAS) are an extraordinary class of materials which exhibit unique
properties including Shape Memory E ect (SME) and Pseudo-Elasticity (PE). The rst
observation of SME behavior occurred in 1932 by Arne Olander [1] with Cadmium-Gold
alloy. However, it was not until the 1960s which the term Shape Memory Alloys were
given to a set of materials which exhibit similar properties. Numerous alloy compositions
of shape memory alloys have been identi ed, including CuAlINi, TiNb and FePt. However
the most widely used and commercially available SMA is NiTi, commonly referred to as
Nitinol. NiTi poses several advantages over other actuators such as high force to mass

ratio, large recoverable strain, super-elasticity, and bio-compatibility.

Over the past decades, there have been signi cant advances in both understanding the
behavior of existing SMA's and discovering new compositions. This has enabled the sig-
ni cant use of these alloys in a variety of applications, such as bio-medical vascular stents,
automotive, robotics, aviation, and vibration absorption to name a few. However, there
still remains two major drawbacks that severely limit the application of SMA's, including
the actuation speed and sensor-less controllability under varying loading conditions. There

are several ways of dealing with the actuation speed limitation of SMA such as using an
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active cooling device [2], increasing the surface are to volume ratio using a bundle of wires
instead of a single thicker one [3, 4, 5], or using high temperature SMAs such as the most
common high temperature SMAs NiTiHf & NiTiXr [6, 7]. However, the second limitation

is substantially more di cult to overcome using existing methods.

1.1 Motivation

Based on previous literature, position control of SMA actuators dates back decades, and
many di erent control techniques have been implemented using di erent feedback signals.
The most reliable and commonly used feedback signal is a direct position measurement
[5, 8,9, 10, 11, 12, 13]. However, position sensors can be expensive and add complexity to
the actuator assembly; thus, preventing SMASs to compete with other actuation technologies
such as piezoelectric and magnetic actuators. Sensor-less methods such as using Electrical
Resistance (ER) as a feedback signal has also been used to control the position of the
actuator [14, 15, 16]. However, in many of the studies, the applied stress is either constant
or known in advance and has a monotonic relationship with displacement such as springs
[16, 17, 18, 19, 8, 20, 15]. One of the rst attempts at resistance feedback control was
conducted by lkuta in the late 1980s [14], and since then there have been many other
studies seeking to control SMA actuators using ER feedback [21, 22, 23]. There are other
sensorless methods such as inductance measurements of SMA springs and coils [24, 25, 26].
however, this method would not be useful for wire form due to a small change in the

inductance of wires during shape change.



1.2 Objective and Scope

Using the Multiple-Memory-Material (MMM) technology & Laser Processing of SMAs
to be able to locally alter their thermo-mechanical behaviour creates a in exploring the

di erent ways The objective of this dissertation is to:

1. Design and make an automated wire feeding and laser processing SMA fabrication

setup.

2. Explore the e ects of laser pulse power and time on the thermo-mechanical properties

of NiTi SMA wire.

3. Propose and validate an actuator design with an embedded strain gauge sensor

which could be used in a sensorless fashion using dual-resistance measurements.

4. Design and fabricate the electronic circuitry required for the joules heating of the
SMA actuation, dual-resistance measurements as well as other measurements needed for

validation.

5. Propose and validate a position estimation algorithm based on the dual-resistance
measurements that could be used in a control system to control the actuator position (or

force) under dynamic and unknown stress levels.

6. Implement a simple PID controller which uses the dual-resistance measurement along
with the position estimation algorithm in order to control the position of the proposed SMA

actuator design.

7. Present other novel sensor-less position estimation methods.



1.3 Thesis Organization

This thesis is divided into eight major chapters; The rst two chapters are introduction and
literature review which contain background information regarding SMAs and the state of
the SMA actuation at the current time. The third chapter discusses the fabrication process
of the proposed actuator design as well as the setups and equipment used in the fabrication
process. Additionally, it presents some of the e ects of fabrication process parameters on

the material properties.

The fourth chapter discusses the actuation experimental test setup which is used for
both the position estimation and position control chapters. Additionally, this chapter
presents some of the raw data gathered by the experimental setup. The fth chapter is the
most important and the heart of the thesis. It models both the PE and SME regions of
the actuator. It discusses the use of the modelling in a sensor-less dual resistance position

estimation algorithm as well.

The sixth chapter proposes another novel sensor-less position estimation method using
high-frequency signal re ection power measurement. Chapter seven uses the proposed
estimation algorithm in a PID feedback loop to control the position and force in a sensor-
less fashion. Finally, Chapter eight concludes the thesis ndings and o ers future steps to

bring this novel approach to SMA actuator design closer to industrial applications.

1.4 Novelty

In this thesis, there are three novel concepts. The rst one is the idea of incorporating
two di erent material properties in one monolithic actuator for sensing capabilities. The

second concept is the use of power measurement of a re ected high-frequency signal to



estimated the length (position) of and SMA actuator. Finally, the third is the presented
data showing the ne tuning capability of SMA phase transformation temperatures by

changing the laser pulse power and pulse time.



Chapter 2

Literature Review

2.1 NiTi Shape Memory Alloy

NiTi SMAs exhibit two inherent properties: Pseudo-Elasticity (PE) and Shape Memory

E ect (SME). Both PE and SME properties of SMA occur due to a reversible solid-state
transformation between Austenite and Martensite phases. This transformation can be
caused by a change in the temperature or the stress which SMA experiences. In fact
temperature and stress, which are states of the material, act as opposing force concerning
the causality of the phase transformation. Temperature-induced phase transformation
which is observed more prominently in SME and Stress-induced phase transformation
which is observed more prominently in PE are discussed in detail in sections 2.1.3 & 2.1.4
correspondingly. As shown in Figure 2.7, there are also situations where both stress and

temperature play more of an even role in the phase transformation.

The lattice structure of the Austenite and Martensite phases of NiTi SMA is shown
in Figure 2.1. Austenite has a B2 centric lattice while martensite has a B19. In fact, it
is the volumetric change in the lattice formation that causes the signi cant recoverable

shape change ability to SMAs. Typically, NiTi SMAs have a maximum recoverable strain
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of approximately 10%. Like many alloys, NiTi SMAs have poly-crystalline microstructure.
The nal mechanical proprieties such as maximum amount of actuation and the stress-
strain relationship for a given SMA actuator depends highly on the orientations of the
phases inside the grains. Single crystalline NiTi SMAs are also produced with interesting

properties; however, the production cost is very prohibitive.

Due to the unique properties of SMAs mentioned above, it is only logical for the ther-
mal properties of SMAs to be very related to the mechanical properties as well. Therefore,
a very common test performed on SMAs is Di erential Scanning Calorimetry (DSC). DSC
results provide many di erent thermal properties of SMAs such as transformations tem-
peratures, and the heat capacity of the wire is a function temperature. Transformation
temperatures are temperatures at which the solid phase Austenite to Martensite trans-
formations occur. These self-explanatory temperatures are as follows: Martensite Start
(Ms), Martensite Finish(M;), Austenite Start(As), and Austenite Finish(A¢). A sample
of a DSC result is shown in Figure 2.2 with the transformation temperatures labeled and

the direction of transformation as well as heat are indicated.

2.1.1 NiTi Phase Diagram

As mentioned previously, one of the most common and used SMAs is NiTi. Thermo-
mechanical properties of NiTi SMA is sensitive to its chemical composition. Even a rela-
tively small change of 0.1 atomic% change in chemical composition can have approximately
10 C change in the transformation temperatures [29]. Therefore, only a relatively narrow
and very speci c range of compositions of Nickel and Titanium give NiTi alloy with the
desired properties. Figure 2.3 shows the Nickel-Titanium binary phase diagram system.
NiTi is the only stable Intermetallic Compound known which exhibit shape memory prop-

erties. As shown in Figure 2.3, NiTi IMC is located between other IMCs such as Ti2Ni and

7



Figure 2.1: NiTi SMA Lattice Structure of B2 Austenite and B19' Martensite taken from
[27] with modi cation.

Figure 2.2: Sample of DSC results wittMs M; Ag A¢ transition temperatures labeled.
[28]



TiNi3. These IMCs do not exhibit any shape memory properties and are mostly brittle

in nature. These secondary IMCs typically exist in the form of precipitates in the NiTi
IMC matrix. The existence and size of these secondary IMCs precipitates can have both
desirable and undesirable e ects. For example, Ti2Ni can form easily in Ti-rich alloy com-
positions, especially in the presence of Oxygen. Ti2Ni is very detrimental to the life and
properties of NiTi SMAs and in most cases leads to breakages of material. Thus, this is
crucial for processes such as welding and laser processing to properly shield the process
regions which undergo high temperatures using a noble gas such as Argon. On the other
hand, the existence of Ti3Ni4 is very bene cial to the stability of the structure of the
NiTi poly-crystalline grains. These leads to better thermo-mechanical properties, shorter

training times, and cycle life.

NiTi is a stoichiometric intermetallic at room temperature and for any solubility or

di usion to occur the temperature needs to exceed 650 degrees Celsius. Therefore, the
material remains stable below 650 degrees Celsius in stress-free conditions. About 650
degrees Ni can get solutionized into NiTi to produce a more Ni-rich material. On the other
hand aging heat-treatment at lower temperature can induce Ni-rich precipitates and case
the matrix to be more Ti-rich. By various heat treatment techniques, such as the ones
explained, thermal and mechanical properties of NiTi SMAs can be modi ed to suit an
application. Even though heat treating SMAs such as NiTi is a very useful and crucial
tool in modifying the thermal and mechanical properties of SMAs, it is mostly used on
bulk material and obtaining a localized heat-treatment is very di cult without e ecting

the resit of the material due to thermal conduction.



Figure 2.3: Binary Nickel-Titanium Phase Diagram with the NiTi alloy region indicated
in red.. [30]

2.1.2 Ternary NiTiX & High-Temperature SMASs

As briey discussed before, the simple binary NiTi SMA enjoys many advantages such
as wide availability, ease of production, relatively low cost; however, it su ers from some
serious de ciencies as well. One of these shortcomings is the large thermo-mechanical
hysteresis of NiTi SMA. This large hysteresis is very problematic for control applications,
and memory-based non-linear control schemes are needed to handle both the hysteresis
and the non-linearity of the system. Te addition of a ternary species such as Copper
to the conventional NiTi SMA has been shown to improve this shortcoming signi cantly.

In addition to copper, other examples of ternary NiTi-based SMAs such as chromium,
cobalt, manganese and iron have been shown to act as austenite stabilizers. However, these
stabilizers decrease the transformation temperatures, and thus, reducing the frequency

(speed) of the actuation. So utilizing these ternary elements should be done with caution.
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On of the other major shortcoming of NiTi SMAs is the low actuation speed. This
problem which exhibits itself mostly while the material is cooling is due to the relatively
low transformation temperatures of NiTi. The Even highest temperature of NiTi has a
A; of approximately 90 degrees Celsius. By adding elements such as Zirconium, Hafnium,
Palladium, Gold, Platinum and other heavier elements, the transformation temperature of
the newly formed ternary SMA is signi cantly increase. This class of materials is referred
to as High-Temperature SMAs (HTSMAS). This increase in transformation temperature
causes the temperature di erence between the material and the ambient to increase which
in return increases the amount of convectional heat transfer from the SMA to the envi-
ronment. In addition to improvements in speed, these SMA become available for some
applications which operate at high temperatures which could not take advantage on the

regular NiTi.

2.1.3 Temperature Induced Phase Transformation &
Shape Memory E ect

The most well know behaviour of SMAs for actuation purposes is the Shape Memory E ect
(SME) e ect of the SMA. SME is the ability of the material to remember it's cold-forge
shape and revert to it from a deformed shape upon heating. This cycle is summarized in
Figure 2.4 a & b. As mentioned before in section 2.1, the process of SME occurs due to
temperature-induced solid-state phase transformation between Austenite and Martensite
phases. Austenite is the high-temperature phase, and Martensite is the low-temperature
phase. For a regular one-way SME, the deformation of the original shape is necessary for
any actuation to occur. The deformation takes the material from twinned Martensite to
de-twinned Martensite as shown by Figure 2.4 a. Upon heating the material transforms

back to the rigid Austenite phase. When the material is cooling, it transforms back to the
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Figure 2.4: a)SME reversible solid-state phase transformation between Austenite and
Martensite cycle. b) Relationship between Stress, Strain, and Temperature in SME cycle.
[31]

softer twinned Martensite.

In the case of no deformation, the material transforms only between twinned Martensite
and Austenite phases, and therefore, no actuation is observed. Hence, in many applications
that require repeated actuation, a continuously present load is applied to the SMA actuator.
For example, in many applications which an SMA actuator wire is used, a constant load or
a spring continuously applies the needed load to deform the actuator. In these cases, the

transformation happens only between the de-twinned Martensite and Austenite phases.

There are methods of incorporating a two-way shape memory e ect (TWSME) through
speci ¢ thermo-mechanical processes [32, 33, 34, 35, 36, 37, 38]. These unique materials
which exhibit TWSME do not need a biasing force to deform the material. These materials

revert to the deformed position upon cooling and back to the original shape when heated.

Newly fabricated SMA actuators are not inherently stable. Therefore they need to
go through a thermo-mechanical stabilisation cycles known as the training process. The

training process through thermal cycling of an SMA actuator is shown in Figure 2.5. It's
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Figure 2.5: Temperature-Strain data of SME thermal cycling (50 cycles) under a constant
150MPa stress, showing the training process.[31]

important to note that the relative change between each cycle is substantially diminished
after only a few cycles. This training process is performed on many di erent geometries
such as wires, sheets, and tubes. The same process is also true about SMA material which

exhibits PE behaviour which is discussed more in Section 2.1.4.

2.1.4 Stress Induced Phase Transformation &
Pseudo-elastic E ect

The other very important behaviour of SMAs which is widely used in industries such as
bio-medical is the Pseudo-elastic E ect (PE), also known as Super-elastic E ect. Figure

2.6 shows a typical stress-strain relationship of PE at a constant temperature.

In the phase-transformation dynamics, PE acts as the opposite force to SME. Temperature-
induce phase transformation (which occurs in SME) tries to transform the material from
Martensite to Austenite, however, stress-induced phase transformation (which occurs in
PE) tries to transform the material from Austenite to Martensite. Both PE and SME are

states of the SMA with respect to the ambient temperature which in most cases is the room
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Figure 2.6: PE Stress-Strain relationship with marking related to Austenite to Martensite
Phase Transformation. [39]

(or body) temperature. Therefore, one SMA material can have a PE behaviour at room
temperature, and the same exact material can have an SME behaviour. This phenomena
is very clearly illustrated in Figure 2.7. In fact the terms PE and SME are relative terms

which indicate what the initial phase of the material is and how the transformation occurs.

Even though, PE is mostly used in passive applications (such as bio-medical orthodon-
tics arch-wires and vascular stents), they can also be used for actuation as well. This mode
of SMA actuation is called PE-actuation. This mode of actuation is achieved by straining
the material (refer to Figure 2.7). There is also another mode of SMA actuation called
HP-SMA actuation. This actuation is obtained by rst. The mechanics of all these SMA
actuation modes are very similar in nature and follows the regular PE & SME rules as

outlined previously.

Similar to SME actuation, if repeatability is desired for PE actuation of as-fabricated
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Figure 2.7: Stress-Strain behaviour of Ti-rich NiTi SMA under di erent temperatures;
conveying the relative nature of the terms PE and SME. [28]
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Figure 2.8: Obtained Stress-Strain data of PE NiTi SMA undergoing 15 mechanical cycles
up to 8% strain at di erent temperatures.
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Figure 2.9: E ect of number of mechanical cycles on residual strain of PE.

SMA material, the material should undergo training process as well. This training can
be performed by thermo-mechanical cycling of the material. Figure 2.8 shows the e ects
of mechanical cycling of a PE material up to 8% strain under di erent ambient tempera-
tures on residual strain. This residual strain of the material is then plotted as a function
mechanical cycle and shown in Figure 2.9. As evident by the gure, the relative residual

strain decreases exponentially as the number of cycles increases.

2.1.5 Fatigue Life

Such as any other material, NiTi SMAs experience fatigue over many repeated cycles.
Understanding fatigue life NiTi is crucial in actuation application where repeated thermo-
mechanical cycles are expected. In SMAs Fatigue is highly dependent on the stress-strain-
temperature relationship of a given application. Figure 2.10 shows a series of Fatigue data
from NiTi SMAs under di erent conditions. As evident in the graph, fatigue life decreases

signi cantly by with increasing strain. Double the strain of an SMA actuator would cut its
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fatigue life in half. Even though SMAs can strain up to approximately 10%, in practice,
2 to 4% strain and a maximum stress of 200-300MPa are used to meet the fatigue life
demand for a typical application. Even more than the strain, fatigue life is very sensitive
to overheating. 50 degrees Celsius ov&; would cause a 75% decrease of fatigue life as

shown in Figure 2.10 d).

Additionally, Joules heating of the wire using electrical current degrades the life of the
material due to the localized di erences in resistivity which in return leads to uniform

heating of di erent places in the microstructure.

Figure 2.11 shows a general working region of the commercially available NiTi SMA,
Flexinol™ wire, concerning fatigue life. The results on the graph show the familiar trend:

the lower the stress and strain the longer the fatigue life.

2.2 NiTi Laser Processing

In this section, the fundamentals of MMM laser processing technology are discussed. The
underlying cause of the novelty of the proposed actuator design is the ability to locally laser
process NiTi SMAs by preferential Nickel evaporation over Titanium. This local change in

alloys composition would result in locally modi ed thermomechanical properties as well.

2.2.1 E ect of Nickel Composition on Material Properties

The reason modifying the composition locally is valuable is due to the substantial e ect
that it has on both thermal and mechanical properties of NiTi SMA. The experimental
results provided in Figures 2.12 a) & b) illustrate the e ect of alloy composition on the
Ms transformation temperature. These experiments were performed on casted and fully

solutionized samples to ensure that the e ects of the microstructure and precipitates are
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Figure 2.10: a) Strain vs. number of cycles plot upon of NiTi SMA wires under a stress of
200 MPa before and after stabilization treatment. b) Strain vs. number of cycles plot of
NiTi SMA wire at 200 and 300 MPa. c) Strain vs. number of cycles plot of NiTi SMA wire
at 200 MPa with actuation strain (RS) at 2 and 4%. RD is residual strain. d) Strain versus
number of cycles plot showing fatigue life as a function @t in the wire; conducted at

a stress of 200 MPa. [40]
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Figure 2.11: Fatigue lifetime for Smart ex™ 76 under di erent stress-strain conditions.
[41]

as minimal as possible. Figure 2.12 a) shows an inverse exponential relationship between
the atomic percentage of Ni and theMs. The more Ti-rich the alloys becomes, the higher
the transformation temperatures. Therefore, at a given environmental temperature, one
monolithic material can exhibit both SME and PE properties at di erent locations of the

wire.

2.2.2 Nickel Evaporation Laser Processing & MMM Technology

Pulsed Laser Nickel evaporation on NiTi was rst performed by I. Khan et. al. [27]
and was shown to be a very e ective method of altering already existing NiTi SMA.
The material processed using this approach were named Multi-Memory-Material (MMM),
referring to the ability of one monolithic material actuation at di erent temperatures giving
the capacity to remember multiple shapes. This process is di erent than welding or heat
treating in several signi cant ways. To evaporate Ni form the material, a large but short

pulse of laser is needed to heat up a very localized section without providing it enough
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Figure 2.12: E ect of Nickel mole-fraction on the Martensite start transformation temper-
ature of NiTi SMA taken from a)[42] b)[43].

time for the energy to dissipate to the other parts of the material. The goal is not to
enter in the conduction heat transfer mode of the material. This is the main di erence
between heat treatment and welding, and MMM technology. MMM technology chemically
changes the composition of the materials by removing Ni from NiTi alloy. The reason Ni
is evaporated rather than Ti is due to the substantially lower evaporation temperature of
Ni and higher partial pressure. Figure 2.13 is a graph calculated from Equations (2.1) &
(2.2) along with the constant provided in the Table 2.1. It shows the comparison between

the partial pressure of Ni and Ti versus di erent temperatures.

P = X;P? (2.1)

logio(PO(T)) = A+ $+ Clogio(T)+ DT + ET? (2.2)
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Table 2.1: Constant for calculation of equilibrium vapor pressureP?) of Ni and Ti.

Figure 2.13: Comparison of calculated equilibrium vapour pressure of Ni and Ti at di erent
temperatures. [44]
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Figure 2.14: E ects of laser pulse power and duration without 0% pulse overlap on NiTi
SMA on Mg transition temperature of the wire. [44]

The exact amount of Ni removed depends on many various factors such as the number
of pulses per spot, pulse power, pulse duration, spot overlap. Figure 2.15 shows the e ect
of zero overlap single laser pulse with di erent pulse durations and powers. As the duration
increases, the transformation temperature decreases. This might be counter-intuitive, but
the more of the heat transfer is in the conduction mode which results in more Ni being
dissolved in the melt pool. At the same time increase the power only increase the amount

of Ni removes slight, thus slightly increasing the transformation temperatures.

Figure 2.16 shows the e ect of the number of pulses per spot on the amount of atomic
percent of Ni removed as well aM ¢ transformation temperature. It's The transformation
temperature reaches a saturation point after four pulses. At this point, the SMA is very
Ti-rich. Processing more pulses per spot than ve causes undesirable IMCs to be produced

which signi cantly reduces the life of the material.
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Figure 2.15: E ect of the number of laser pulses on the Martensite staM 5 transformation
temperature taken from [45] with modi cation.

Figure 2.16 an optical metallography photo of the e ect of one laser pulse on NiTi SMA
as-processed and after revolutionization with the Fusion Zone (FZ) and Heat-A ect Zone
(HAZ) labeled. To eliminate the fusion zone, spot overlap is required, so the next pulse
spot dissolves the microstructure. This would signi cantly improve the fatigue life of the

actuator.

In this chapter, the metallurgy of NiTi and other high-temperature SMAs are discussed.
Additionally, detailed explanation of phase transformation mechanism of NiTi SMAs are
presented, and di erent properties and behaviours of NiTi under various conditions are
provided. Moreover, brief discussions about the e ects of stress and elongation on the
fatigue life of SMA actuators are given. Lastly, the MMM laser processing technology is
explained, and the theory behind laser Nickel-evaporation are presented. Using localized
laser Nickel-evaporation, one could fabricate an SMA actuator which contains two entirely

di erent properties in one monolithic wire. The fabrication of the wire is explained in more
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Figure 2.16: Optical metallography Photo of the e ect of one laser pulse on NiTi SMA
showing fusion zone (FZ) and heat-a ected zone (HAZ). [45]

detail in the following chapter.
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Figure 2.17: Photos of the microstructure of two di erent regions of MMM-processed NiTi
wire showing the presence of both Austenite (PE) & Martensite (SME) phases at room
temperature.
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Chapter 3

Fabrication

Multiple steps were required to successfully fabricate the linear actuator. This included a
unique laser processing step to tune composition, followed by a thermo-chemical treatment
to achieve desired mechanical properties. The current section outlines and detail these

steps.

3.1 Laser Processing
3.1.1 Setup

In this section the design of a machined which was made by the author for the purposes
of continuous laser-processing NiTi wire is discussed. In addition to the design of the

machine, some of the processed samples are presented and discussed.

3.1.2 Processing

Pulsed laser processing of NiTi SMA has shown to change the composition of NiTi by

preferentially evaporating compositional constituents [27, 46, 28, 39, 44, 47]. This process,
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