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Abstract

Spring actuatorare essential components in vehicles as they are used for climate control, braking
ventilation engine control and fuel managemehtowever, commercially available spring
actuators are heavy and expensive and need to be replaced bykgler SMA sprincactuators.
Potential applications othe particularly promising NiTi shape memory allogSMA) in
automotive spring actuators is currentlyitiead due to low awarenedRecently laser processing

has been used to make processing monolithid wires moreflexible than ever by locally
changing thevire compositionto achieve multiple functional propertiddsing lasefprocessing

to add multiple memories in a monolithic NiTi sprimgre would allow for the fabrication of a
novel selfbiasing spring actuatevhich would lead tdower equipment costs, redube&eight and
enhancd flexibility. To obtain a successful sdiiasing springprocessing and spring fabrication

techniques for NiTi wireseed to be studied

The first part of the study involved investigatithe effect of incrementing the number of laser
pulses per spot armgbstprocessingheat treatment temperatures on the compositioNief9.2
at.%Ti SMA wires This was achieved by performing Differential Scanning Calorimetry (DSC)
analysis and obsengnthe shift in phase transformani temperatures. Results revealed that
increasing the number of laser pulses increased the transformation tempenatior@spoint at
which the samples become-iich and there is negligible effect on composition. Hezdtment
study showed thaheat treatment temperature hadsignificant impact on th&ansformation
temperature peakmsesulting in distinct peaks fdpase material and lasprocessed samples.
Mechanical properties of different hdatated samples wereanxined using tensile test plots to

determine the optimal heat treatment temperature for ssetprg springs

In the second part of the study, the effect of spring geometry on spring force and thefeffect
incorporatingmultiple memory in aspring actuair was studied. A unique sprirghape setting

fixture was used to fabricate springs with consistent spring pitch and diameter. Results showed
that increasing the spring pitch and decreasing the mean coil diameter increased the spring force,
which conformsto the establishedpring force equatiorincorporating multiple memorieis a
monolithic spring enabletthermallyinducedself-biasing sping actuation due to varioasistenitic

transformatiortemperatures triggering unique functional properties
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Chapter 1

1 Introduction

Ever since Beuhler et al. discovered NiTickel-titanium alloy) in 19631], shape memory alloys

(SMA) have paved their way into numerous application®iedical, aerospace, microelectronics

and automotive indiiries[2]. The use of NiTi springs as actuatorsvehicles has been well
documented in literatuf@-4]. Conmercially available springspade using various types of steel
arewidely useddue to their usability and sustainability. NiTi springs made commercially are not

as widely used due to lack sufficient knowledge about optimizingae r i al 6 s proper ti
the needs of current applications in automotive industried. cdmbined with little engineering

data and low awareness of SMMased actuators has hindered the industrial success of NiTi spring
actuators. However, the knowledge barrier can be overcome by studgiregabout materials

knownas MASmart Mat eri al so.

ASmd Mat er i ahlape onenony a@lloys are unigue because they have two distinct
propertiesnamely pseudoelasticiffPE)and shape memory effect (SMBseudoelasticitallows

SMAs to recover largamounts otrain (approximately 8 % in polycrystalline materials), whereas
SME allows an SMA to recover its original shape using thermal energy. These properties enable
SMAs to achieve various mechanical and thermal properties for use in differentappdidan
industry[2]. SMAs can be trained to germ different functions and their properties can be

maneuvered with more precision compared to regular metallic alloys

Due to this controllability, NiTi SMAs are tantalizing candidates to replace steel as the main
material in spring actuators. This thesis demonstrates the conversion of commercially available
monolithic NiTi SMA wires to setbiased spring actuators, whicloutd potentially replace

preserdday steel spring actuators used in modern cars.

1.1 Motivation

Actuators are devices which convert mechanical, electrical or thermal emtogynotion
Vehicles consist of 100 or more actuators which are used to controleemginsmission and

suspension performance, to improve safety and reliability and enhance driver cé&xisrhg



actuators used in automobiles are heavy and expef8jivéhey need to be replaced byfsel
biasingNiTi spring actuators because (h)spring actuatrs, the maximunstrokeand recovery
forceis much highef5] than that of a linear actuatd®) NiTi spring actuators provide higher
work output at loweweights compared to othactuatorsused for automobileg5] (for more
details, sesection2.5.2, and(3) monolithic NiTiself-biasing spring actuator eliminates the use

of a biasing springowering equipment costsTo optimize the performance of sddfasedNiTi

spring actuators, comprehensive analysis between laser parameters and spring preperties
required.

1.2 Objectives

To fabricate a selbiasingspring actuator, a detailed investigation of spring atiaristics (such
as diameteandpitch) and laser processing parameters is required. The goal of the current thesis
is to determine a matrix of parameters to achieve optimabseléd actuation:
1 Determinenumber of pulses required for laser procesdig wire and allowing desired
shift in transformation temperatures.
Optimize heat treatment parameters for alseled NiTi spring actuator.

Characterizenechanical properties stlf-biased NiTi spring

1.3 Thesis Organization

The present work studies tleffect of laser processing and changing spring parameters on NiTi
springs for use in NiTi selbiased spring agator. Chapter 2 provides a brief overview of NiTi
shape memory alloys, laser processing and spring actuit@sexperimental setup fgesented

in Chapter 3. Chapter 4vastigates the effect of heat treatment and laser pulses tmetheal

and mechacal properties of NiTi springsSpring geometry and sdifiasing spring actuator
characterization is presented in ChapteFiBally, conclusions andecommendations for fute

work is provided in Chapter. 6



Chapter 2
2 NiTi Shape Memory Spring Fundamentals

2.1 Shape Memory Alloys

The study of designingNiTi self-biasingspring actuator requires a comprehensive understanding
of NiTi Shape Merory Alloys. Fundamentals such as NiTi microstructure, phase transformation
kinetics and various manufacturing techniques need to be studied to recognize the effect they have

on material properties.

2.1.1 Description and Phases

2.1.1.1 Definition

A shape memory alloy (SM) is a type of alloy which is distinguished by two unique properties
namely shape memory effect (SME) and pseudoelasticity (PE). Various types of shape memory
alloys commonly used are Nickel Titanium (NiTi), Copgémc-Aluminium (CuZn-Al), Cu-Ni-

Ti and Cu-Al-Ni. Typically, NiTi alloys are preferred over other SMAsie to theirsuperior
ductility, strength, recoverable strains, corrosion resistance and stability of transformation
temperature§6]. For this thesis, binary NiTi alloy is used as the SMA fordiiebiasing spring
actuator because it #mpler anchasmore familiar material properties compared to ternary NiTi

alloys such as GMi-Ti

2.1.1.2 Phases and Phase Transformations

Phases are regiomd space within a material wherein all physical properties of the material are
uniform. SMAs have three distinct phases namely martensite, austenitdh@ntohedral (R)

phases as illustrated igure 2-1 below. Martensite is a lowemperature phase, which resembles

a monoclinic B196 cryst ad=02889 b=z0420andw+ ®4622]1 at t
and monocl i ni c[7aAt W eempkratures, thérterBitd can have two distinct
microstructures known as twinned and detwinned martensite which will be discussed shortly (see
section2.1.2 Twinning in Martensitic NiTi ). Conversely, austenite, also known as B2 austenite

is a hightemperature phase with a simple cubie@gype crystal structure. Rhombohedral (R)

phase, as the name suggests, has a rhombohedral crystal structure which helps accommodate a



small amount of strain during transformation of B2 austenite t@Bl1%na r t glmaseiintNeTi. R

is generally introduced during celdorking due to the formation of precipitafes.

Martensite R-phase Austenite
‘Vr‘ﬁ'u‘ s ) o I € . o
l‘ J . “ ﬁ' ," ,~" 1 NT |
crystal structure (190 % . .
*gm,% 3 O~ TiGgeG
monoclinic (B19) rhombohedral (B2") cubic (B2)
AT
microstructure :‘ EEEan:
. . .;
Thermal-M Oriented-M | Thermal-R Oriented-R A

(twinned) (detwinned) (twinned) (detwinned)

Figure 2-1: Three Distinct Phases of NiTiISMA (a) monocl i nic B19d& m:
r homb o h e dphasé and3(@) 6ubidrB2 austenite pH&e

Phase transformations occur when NiTi is subjected to external stimulus such as heat or applied
stress. For instance, mart ens.i tnartensite ocaunvghénor mat
NiTi is cooled belowthe austenitez martensite transformation temperature range (TTR)
Similarly, austenitic transformations are triggered when NiTi is heated above TTR. TTR varies
from 100 °C to well below liquid nitrogetemperature (boiling pointl95.8 °C)depending on

alloying composition of binary and ternary NiTi alloj@&0]. Ternary alloying with cobalt, iron,

vanadium, copper and aluminium are well known. CuN8Tusually used to improve corrosion

resistance of NiTi alloys.

2.1.2 Twinning in Martensitic NiTi

Twinning is the formation of a mirrored structure due to atomic displacement across a particular
plane in a crystal structurglQ]. In NiTi, twinning allows accommodation of strain during
thermallyinduced martensitic transformation. Twinning occurs due to a lack of symmetry and
available slip systems at the atomic level. This results in a change otshapechange of volume

occurs at the macroscopic leyég].



Compared to steel, where slipping at the atomic level is the dominant mechanism during thermally
induced martensitic transformation, Nilindergoes a recoverable twinning process from B2
austenite to twinned B1906 martensite, whi ch
stress. NiTi detwins in response to applied stress by reorienting its twinned lattice s{rl.@ture

This is possible because no bonds are broken during detwinning and therefore the twins have low

energy and high mobility.

2.1.3 ShapeMemory Effect

For NiTi SMAs, shape memory effect occurs when thermallyduced twi nned B196
NiTi is put under applied stress to form detwinned martensite, which is then heated above the TTR

to form the parent B2 austenite NiTi structure, and as it cools t@aw the TTR, the lattice

structure reorients itself to go back to the initial twinned martensitic structure as sheigar

2-2. Shape recovery occurs at the austenite phase because it is symmetrical with a single variant.
Martensitic NiTi, on the other hand, has 24 variants, but change of shape during martensitic

transformation cannot be observed at a macroscopic level at room tempEgt@ture

Austenite

Increase T
temperature

N

Temperature l I

‘/
Deformation T
P S —

Detwinned Martensite

Twinned Martensite
Figure 2-2: lllustration of Shape Memory Effect in NiTi SMALZ].

At the macroscopic level, as showrHigure 2-3, change of shape in NiTi macrostructure occurs



during detwinning from twinned to detwinned martensite when external stress is appliezhand
detwinned to austenitic martensite when heapgied. Shapes can be programmed into the NiTi
SMA using a technique called shagetting, which involves fixing shape, heésgating at a
temperature range of 3Z25°C for 530 minutes, followed by a water quertolstabilize the NiTi
structure to theixed shapgl13].

@ @ ®

Twinned Martensite Detwinning Fully Derinned
Deformation Martensite

O ) @ 9
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Cooling [T = M{] Heating [T > A
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Figure 2-3: Shape memory effect illustrated hetmacroscopic levél4].

The phase transformations shownFigure 2-2 can be thermally characterized using a method
called Digital Scanning Calorimetry (DSC) which helps determine four specific transformation
temperaturesaustenite start (As), austenite §hi(Af), martensite starMs), and martensite finish
(Mf), as shown irFigure 2-4. The DSC plot showthat martensitic NiTcompletelyconvertsto
austenitic NiTi above Aand complete austenitic to martensitic NiTi phase transformation occurs
below M. Asand Msindicate thdaransformatiortemperatureat which NiTistars changing phase

from martensite to austenite aficbm austenite to martensitespectively.
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Figure 2-4: Typical DSC curve of NiTi SMA15].

Furthermore, a distinct hysterebistween martensite peak gvand austenite peak temperature

(Ap) is observed in the DSC plot Figure 2-4. This occurs due to frictional forces encountered

during the lattice movements across interfaces and d¢i€}td’ he magnitude of this hysteresis

is typically betweerl0 °C to 50 °C, depending on the composition, processing and stress state of
the materia[16-18]. However, there is limited plastic deformation during transformatiorghwh
maintains coherency between phases and enables them to expand and contract depending on the
thermodynamics of the systdiib, 19]. On the contrary, martensitic formation of steel is not
reversible because of large volume change between processes (as obSembéidrl) which

results in large plastic straifizQ].

Table 2-1: Percent volume change between austenite and martgiiite

Alloy ‘ NiITi ‘ CuAlINi ‘ FeNiC Alloy

%vol. change‘ 0.023 ‘ 0.297 ‘ -2.586



2.1.4 Pseudoelasticity

Another significant property of NiTi SMA, termed pseudoelasticity, is observed when mechanical
stress is applied to transform parent B2 austenite phase inteisttessd martensite (SIM). The
mechanical response is similar to detwinning of martensiten/iseudoelastic NiTi is pulled to
failure, the stresstrain curve irFigure 2-5 is obtained. In region (1), the material is initially in

the parent astenite phase and it elastically deforms until it reaches critical sikassBeyond

this point, the strain keeps increasing while the stress remains constant, slightlyigeloas
austenite transforms to SIM in region (2). A plateau is observiikinegion because austenite is

gradually consumed to form SIM, and at the end of region 2, all of the parent phase is consumed.

Stress

Austenite ——# Martensite

Stress

Austenite #—— Martensite

Strain

Strain

Figure 2-5: Stressstrain curve of pseudoelastic NjTwvhen (a) pulled todilure, (b) load is
released in region (2hdapted fron{21].

Further straining beyond region (2) results in an elastic then plastic deformation of detwinned
martensite in region (3), which complies with
in a reversible transformation (s€gure 2-5 (b)) at lower stres¢ #§i due to transformational

hysteresig22], similar to thermal hysteresis associated with SME.

Functional properties of NiTi are determined by the stable phase at the werkipgrature. SME
is formed below M while PE is observed abover Aut below the martensite deformation
temperature (M) as shown irFigure 2-6. Mg is the highest temperature that martensite can form

from austenite as a result of applied strébe stressemperature conditions shownkigure 2-6



indicate that SME and PE coexist between temperatusesdiM, and A and A respectively

because the transformation is incomplete.

Ao

Shape
Memory
EfTect

Pseudoelasticity

3
Mp Mg Ag  Af Mg -

O

Figure 2-6: Stresstemperature conditions for NiTi SMAs exhibiting shape memory effect and
pseudoelasticit{23].

As the temperature of NiTi increases aboygtte thermodynamic stability of austenite phase also
increases, which results in parallel increastésaf as shown ifFigure 2-7. The linear relatioship
between tensile stress and temperature is derived from the Cl@lspeyron equation shown
below[24]:

oy Y @

The symbolQ , denoteghe change iisi, Q “¥ the change in test temperatlY&®is the latent

heat of transformation and is the transformational strain. The lsftde of Equation (2-1)
indicates the stresmte which varies from 3 to 20 MP&/, dependingonth mat er i al 6 s

history[24]. At temperatures abovedvthe specimen fla before the onset of PE.
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Figure 2-7: Plateau stress versus temperature plot. Dashed lines represent linear Clausius
Cl apeyr on r edmdeampto nc ibradfileeseyes) aid temperature when TA
Martensite detwinning occurs below &nd plastic deformation of austenite occurs above M
causing deviations from Claust@®apeyron relationshif25].
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2.1.5 Physical Metallurgy and NiTi Composition

Composition of NiTi determines the thermomechanical properties it will exhibit. NiTi SMAs are
considered stoichiometrimtermetallic compounds (IMCHR6] with an equiatomic or near
equiatomic distribution of Nickel and Titanium. At room temperature, the constituent species of
NiTi are immiscible; leat treatment performed between 300 to 600 °C sasulbrmation of Ni

rich metastable interatallic compounds (IMCs) such asNis and TpNis as showrin Figure

2-8, and;above 650C, Ni-rich SMAs can be formethrough quenchin§27]. While NiTi is the

only IMC known toretain SMA propertiesprecipitation of other Nrich IMCs can be used to
modify these prpertieg11].
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Figure 2-8: Binary Ti-Ni phase diagrarf6].

In 1997, Tang showethat transformation temperature is heavily dependent on-fremgon of

Ni in NiTi. From 50 at.% up to around 51 at.%, there is a sharp decrease in transformation
temperature as shown kgure 2-9. At about 65°C (approximately 338 K), the transformation
temperature stays constant as Ni at.% decraehse4$0 insolubility of Ti below 50 at.% Nsee

Figure 2-8).
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Figure 2-9: Relationship betwaemolefraction of Ni and the Mtemperature in binary NiTi
SMAs|[2§].
In addition to change in transformation temperature, altering composition affects the amount of
stress required to form SIM, since a lowerid\linked with a more stable austenite phgx@.
Therefore, precise control of composition is critical to achieve desired thermal and mechanical

properties. Typically, composition tolerance for commadriiiTi is 0.05 at. %or 5 °C[30].

2.2 Manufacturing NiTi

To obtain the desired functional properties, it is critical to know and undetb@nthnufacturing
process involved to produce NiTi. Commercigdiyailable NiTi SMAs are produced with different
material composition and properties as specified by the manufacturer, but these properties can vary

based on the manufacturing technique used.

2.2.1 Refining, Casting and Powder Metallurgy

Ni and Ti do not occur naturally in their regular metallic form. Instehdy are extracted in
mineratform from ores such as limonite, garnierite and pentlandite for Ni, and rutile, iimenite and
leucoxene for TiRefining processes such as the Van Arkel de Boer and-kaaliced processes

are used to produce 99.99% pure titanium sponge and 99.94% electrolytic nickel required for
ingot-casting of NiTi alloyd13, 31].

NiTi casting methods include Vacuum Induction Melting (VIM), Vacuum Arc Remelting (VAR)

11



ard Electron Beam Melting (EBM). In VIM, high purity Ni and Ti (as quantified above) are placed

in a graphite crucible for simultaneous melting under vacuum or inert gas atmosphere. Eddy
currents produced by induction coil are used to melt Ni and Ti sinealtesty at temperatures
between 1510 K and 1723 K. VAR utilizes a consumable ofcoosumable electrode consisting

of pure Ni and Ti and heats it using argon arc to form a bttaped or cylindrical ingot. EBM
casting method uses electron beam to med#tridi Ti in a watercooled copper crucible under high
vacuum conditions. Due to high operating conditions, it is difficult to control nominal composition
of NiTi and thus martensitic transformation temperatures are affgc3gd

An alternate means of manufacturing NiTi from pure Ni and Ti is powder metallurggll®yed

or elemental powders of Ni and Ti are combined together by blending, pressing and sintering.
Compared to the casting methods, powder metallurgy provides batteolcoover transformation
temperatures as it does not involve a melting process which causes composition ing&8racy

2.2.2 Hot Working

As-cast microstructure and surface properties of NiTi are not acceptable for medical and
automotive applications, and pgsibcessing techniques such as-Wwotking and coldwvorking

are required. Hot working procedures include presgirigr hot rolling and rotary forgind.3].

In hot working, NiTi is heated in the range of 3800 °C, with signifiant softening occurring
near 400°C and 100% elongation occurring near 900due to a reduction in critical flow stress

as temperature increag@2-34]. Generally, cracks appear at 9@ due to oxide embrittlement,
and therefore, for good workability and reduced oxidation, ‘€@ preferabld35]. However,
oxidation can still ocur at 800C, hence, copper, mild steel sleeve canning or extrusion methods

are used to minimize oxidatiof86-38]. Between 40800 °C, dynamic recrystallization and

precipitation formation occurs, butlg range recrystallization does not occur and elongated grains
are typical of the microstructeif39, 40].

2.2.3 Cold Working

Cold working of hotworked NiTi is normally performed to provide final product shape, fine

microstructure and desired mechanical propertiesiftarent applicationg30]. Relative to hot

12



working, coldworking leads to much greater retained martensite and amorphigétiorAlso,
cold working below M (marforming) results in finer subgrains than above (Rusforming),
because dislocation annihilation and dynamic recrystallization do not occur at lower temperature
[37]. Ausformed parts are more thermally stable &sd kensitive to heat treatmg3if], whereas
marformed parts provide higher strength, stability and fatigug¢4i#e Typically, 3040% cold

working is the aceptable range for coMtorking as NiTi work hardens quickly. To perform

further coldworking, full annealing at 66800°C is required 30].

2.2.4 Heat Treatments

Cold-worked NiTi needs to go through heat treatment to restore SMA properties, provide
precipitation strengthening for Mich NiTi and increase resistance to fatigue crack nucleation
[43]. The formation of Nrich precipitates through peptocessed heat treatment is used to alter
functional properties of NiTi SMA, asentioned irsection2.1.5 Physical Metallurgy and NiTi
Composition. The inclusion of these precipitates in the NiTi matrix leads to increased
transformation temperatures which results in decreésgddue to reduction in the stability of
austenite[20]. Figure 2-10 shows a timdgemperaturdransformation graph illustrating the

relationship between heat treatment time and temperature.
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Figure 2-10: Time-temperaturgransformation (TTT) diagram showimglationship between
heat treatment temperature, time andetnperaturef24]

To obtain a good microstructure, percent cold work, heating temperature and time need to be
controlled appropriately24, 30]. Intermediate temperatures between 350 and°€7g&esults in

optimization of nucleation and diffusion for maximum, coherent, fine precipitate forni@don
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44]. Typically, based on various sources, heat treatment at@@@r about an hour provides the

most stable properties for both-Nch and Tirich NiTi [13, 26, 44, 45]. After heat treatment, NiTi
must be quenched to avoid the formation ofTIN[46].

2.3 Laser Processing~undamentals

Generally, laser welding has been the primary laser processing technique used to process NiTi
SMAs. High sensitivity of functional properties to thermal events, low heat and high cooling

rate have given laser welding the edge as far as laser processing is copEgrréaporization

of alloying components during keyhole welding by a high energy density source, such as a laser,
is a welldocumented trait which has exemplified importance in the loss of chromium during laser
welding of stainlesstsel [48-50]. In NiTi, Ni has higher vpor pressure compared to Ti, and
therefore, NiTi experiences preferential vaporization during keyhole laser wgddlirtdowever,

this vaporization is limited to the initial creation of keyhole, after which, the effect of vaporization
on material composition isegligible [50]. Therefore, continuous laser welding would have

minimal effect on NI'i composition, and may also introduce unwanted oxides in the[\w&d

Pulsed laser procsi®g, on the other hand can significantly change the composition and thus the
transformation temperature of the material as observeetiion2.1.5 Physical Metallurgy and

NiTi Composition. The ability to locally modify composition, and achieve high precision and
guality makes pulsed laser passing an excellent technique for processing SMAS2]. Also,

it allows for the creation of monolithic components with varying functional properties.

2.3.1 Laser System

A laser system consists of three main components namely amplifying medium, pump source and
an optical resonatdi53]. The amplifying medium corss of a special material that produces
energycarrying photons when excited. The pump source, which is a means to stimulate the
medium to its amplified state, is determined by the type of active medium used. The optical
resonator is composed of two p&hmirrors which are completely and partially reflective. They

are positioned around the active medium to filter and transmit photons that fulfill the specific

requirements for oscillatiofb3].

Pumping leads to the excitement of atoms from ground state to excited state when the laser system
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is activated. Incoherent photons are then released when the atoms relax back to ground state. Some
photonsare lost in the resonator due to their yp@mallel route relative to the optical axis, while

others travelling parallel to the optical axis are oscillated in the resonator with possibility of
inducing stimulated emission, which leads to gineduction ofcoherent photongs3]. A high

energy laser beam is created by increasing the number of unidirectional photons.

Population inversion is definess the phenomenon where the number of photons being amplified
exceeds the number being absorbed. This is required to amplify the quantity of incidébd]ight

When population inversion occurs in the cavity, the excited atoms and laser interact to lower the
energy level and reduce additional quanta of lj§b}. The energy of the laser beam is reduced if

this does not occur, as otherwise, energy absorbed from the laser is used to excite the atoms.
Finally, the amplified laser beam is released through a partially reflective mirror in the cavity as

shown inFigure 2-11.
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Figure 2-11: Diagram showing the production of a laser b¢&6).

2.3.2 Pulsed Nd:YAG Laser Processing

Different lasers generate light with unique wavelengths, which depend on the material used to
make the semiconductor. Wavelengths range from 0.1 pum to 10 pum, with Nd:YAG producing one
of the shorter wavelengths available. Nd:YAG is more efficient comparether lasers as the
energy emitted by the Nd:YAG laser can be more efficiently absorbed by most materials leading
to efficient melting of a specific volume of material. Commercial Nd:YAG lasers are rated with
average output powers from 0.3 kW to 3 kWhieh is ideal for small scale ufg3].
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Figure 2-12shows a schematic of a Nd:YAG laser system. The cavity assembly includes an active
medium, pumping source and resonator. When excited, an yttrium aluminium garnet (YAG)
crystal doped with neodymium (Nd) atoms produces photons with a wavetdrigi64 nm53].

A flash lamp acts as the pump source of the Nd:YAG |gs&@r The laser output is transmitted
through input coupling optics and into an optical fiber connected to the working head before being
directed to the workpiece. Photon delivery via fiber optics is advantadeodabrication of

complex components.

ncr!nrror j'}lomp N&Y}O-md yty front mirror

\losw head

working head

output
coupling optic

workpiece

Figure 2-12. Schematic of Nd:YAG laser set(ip7].

2.3.3 Processing Parameters

Laser processing parameters play a crucial role in controlling vaporization of Ni in NiTi. Some
key parameters include pulse width, peak power, frequency, travel speed and defocus distance. A
schematic of a temporal profile of laser pulses produced byAd:Mser processing is shown in
Figure 2-13. Peak power is defined as the maximum power of the laser pulse. Pulse width is the
duration of the pulse, mich typically varies from 0.2 to 20 ms. Pulse energy is calculated based
on the area under each laser pulse. The average power delivered to the workpiece is derived from
the pulse energy and frequency. However, determining the exact quantity of enempedixy

the workpiece is challenging due to the possibility of reflection, which could result in significant

energy losses.
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Figure 2-13: Graph of Nd:YAG pulse power versus tifiiy].

One major advantage adder processing is the ability to produce high energy densities, which
could maximize penetration of the workpiece. To achieve this, the light needs to be focused to a
minimum beam waist diameter, or the spot size needs to be focused at zero defoaes| 88tan

as shown irFFigure 2-14. Offsetting defocus distance results in reduction of laser power density.
Focus spot size depends on the combined effects of optics, laser characteristics and welding
parameters. The focus giton relative to the workpiece depends on the mode of laser beam
operation (discussed section2.3.5 Laser Beam Mode$ and geometry53]. Generally, best
practice is to focus at dstance where the penetration depth is maximized through experimental

verification. Highest energy efficiency is attained when the laser operates in its convergence range.
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Figure 2-14: Diagram showingpropagation and convergence of a laser big#in
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2.3.4 Shielding Gas

To avod reaction of oxygen or nitrogen with the molten weld pool during laser processing of
metal, a shielding gas such as argon or helium is generally used. Oxide inclusions typically
deteriorate material propertigs3, 57]. For NiTi SMAs, shielding is critical due to its high affinity

for oxygen, and, to lesser extent, nitrogen. Careful selection of shielding gas increases the
possibility of enhanced transmission of the incident laser beam for absorption by the workpiece
[54].

2.3.5 Laser Beam Modes

There are two main laser beam modes, namely, conductidregthdle as shown iRigure 2-15.
During conduction mode, the laser intensity is only sufficient to melt the workpiece. The pool
forms at the surface drgrows in all directions, which results in a sestiptical shape as shown

in Figure 2-15(a) [27].

o Laser Beam
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Figure 2-15. Comparison of (a) conduction and (b) keyhole laser beam nmibdes

Due to the absorption of laser energy at the surface oh#terial, surfae reflection will likely
occur,leading to reduced absorption by the workpiece. Alternatively, keyhole mode occurs when

the peak temperature at the surface is high enough to vaporize the workpiece material. Pressure of
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vaporization leads tthe formation of a conicahaped weld pool and healfected zone (HAZ)
as shown irFigure 2-15 (b) [27]. Since the laser energy is trapped within thenkéy and there is
minimal surface reflectivity, the laser energy is transmitted more efficiently compared to

conduction mode.

2.4 Wire Drawing Basics

Wire drawing is performed to reduce the diameter of theeesived wire as per application
requirement. Nornlly, the maximum reduction per pass is limited to638% and much lower
amounts of reductions are used for fiermous material$58]. Circumferential reduction of the
wire occurs as it passes through the die due to a complex interaction betev@aretand the

walls of the dig59].

The reduction of cross sectional area can be calculated as shown in edt@i@inof (2-2)):

. o]
Y P o5 (2-2)

The symbol R representise reduction irwire crosssectional area after wh#rawing, A is the

initial crosssectional area of the wire before witeawing and Ais the final crossectional area.

This reduction, in conjunction with die angfe can be used to determine the area of idealized
deformation as shown inthe trapezoidal section iRkigure 2-16 below. The wire drawing

reduction and the die angle can be characterizetiebyelationship between R aifgll , which

has a large effect on wire drawing deformation, as showsigare 2-17.1 deal | vy, & sho

close to 1 for uniform wirgrawing[58].
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Figure 2-16: An analytical schematic of drawing through a [&i§].
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Figure 2-17: Wire drawing examples for three different deformation z¢68js

Increased values @k (around 23) can be attributed to engineering constraints such as drawing
stress which needs to be less than 0.6 times theselx i ng wi r pb¥g.Drawingstiegsbisst r e s
defined as the sum of uniform work (Y redundant work (\A) and frictional work (W). Uniform
work thins and stretches the wire, while redundaual frictional work assist in wire reductifst].
The redundant work is related to change in direction of material flow at die entrance and exit, and
it increases significantly asincreases due to namiform straif60]. On the other hand, frictional
work is defined as the work done at the interface of the wire and the die, ansl iregutreased
wire temperatures, which must be cooled to avoid recrystallization, lubricant deterioration, or die
sticking[61].

To obtain lower values @k reduce die wear, frequency of intermediate annealing steps and risk
of breaking wire, adequate lubrication is requii®® 63]. Lubrication also improves ductility and
reduces the potential for drawing ssehigher than wire flow stred$4]. Wire drawing
consistency can be achieved by ensusavglues are similar for consecutive wire drawing stages,
and die is aligned concentric with the wire so that the forces are evenly distributed across the die

cone for even deformatidb9].

2.4.1 Wire Drawing SMAs

NiTi SMAs usually require thin oxide lubricant such as IMtSpromote lower drawing stresses,
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increased drawing stability and improved wihewn quality]65]. Heating of the NiTi wire due

to increased frictional work results in ttansformation from the preferred marforming to the
undesired ausformin@1]. When no lube is used, the wire surface has heavy striations and string
bonds form between the wire and the die, which results in a fracture surface and metal stuck in the
die[66]. Furthermore,noc ont i nuous |l ubrication results in
occur due to shear fracture. This leads to reduced lubricant efficacy resulting in die vwegigmed

of physical and fatigue properties, and the potential for breaking the wire, which can jeopardize
the final outcome of the wirdrawing procesgo6].

Final coldwork percentages between-20% have been determined to provide good physical
properties, transformation stability and fatigue Ji8, 24, 67-69]. A comprehensive examination

of NiTi wire manufacturing has been performed bp§sman et al., but even this publication does

not highlight the final coldworking stepq70]. For wiredrawing NiTi, it is crucial to know the
number of passes between equivalent reductions to maintain uniformity of hardness across the
crosssection as shown iRigure 2-18. Multiple passes around theslvesult in lowest critical

stress for deformation, which leads to lower drawing stress and increased number of passes
between annealing stages, as showRigure 2-19. Drawing in Rphase results in even lower
stress due to its low critical stress for deformalic}. The final texture of NiTi after wirerawing

is in the <111> direction, which leads to the largest recoverable Etthin

300
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Figure 2-18: Hardness curves on a NiTi wire cressction drawn from 0.85 mm diameter to
0.75 mm diametdf70Q].
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Figure 2-19: Drawing stress versus temperature for NiTi Vif€].

2.5 Spring Actuator Design

The second major topic required to understdiid self-biasingspring actuators is spring design.
Springs a& objects which store potential energy by straining the bonds between the atoms of an
elastic materia[73]. Springs are generally made out of hardened carbon steel, however, as of

recently, NiTi springs are being used in cars and aeroplanes for various applications.

The actions of a spring (such as compression
states that the force (F) required to deform

by a constant faor (k), as shown ikquation (2-3) below:

0 Y (2-3)

The constant factor k is also known as stiffness, spring rate or spring constant and has a Sl unit of
N/m. It is defined as the slope of the force deflection curve okphieg, where deflection or
di spl acement is sometimes denoted with the sy

deforming force is measured in Newtons (N).

Types of springs include tension, compression, leaf, spiral, Belleville (or washeop (stsch as
helical or coil), cantilever and gas springs. The most common types of springs are tension and
compression springs due to their relative simplicity and ease of manufacturing compared to other

springs. In this thesis, major emphasis will beepthon compression springs because they are the
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most familiar spring types availalé4].

2.5.1 Helical Compression Springs

Some of the most common types of springs available in the market are helical compspE#sysn
Typically, they are manufactured with a constant pitch (p) and wire diameter (d) as shown in
Figure 2-20. Before manufacturing compressigorieigs though, a number of spring constraints,
such as spring index, spring shear stress, spring load, pitch, number of active coils, and wire
diameter need to be considered to avoid spring failure during loakhegnean spring diameter

(D), wire diamete (d), free length (b, and either number of active coilsJNor pitch (p) are

generally used in spring design to determine spring geometry and perform associated analysis.

Figure 2-20: Helical Compression Spring Design Parameters
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2.5.1.1 Spring Index

Spring ndex (C) is defined as thratio of themean spring diameter () thewire diameter(d)
as shown irequation (2-4) below.

. O

°© (2-4)
Preferred spring index values for helical compression springs lie between 4 amith 12n
optimum value of approximately &or values below 4, springs ahfficult to manufacture due to
tooling stresses. For values above 12, springs have an increased likelihood of bjuekling
However springs with spring index values between 4 and 5 are hard and costly to manufacture.
Therefore, an acceptable range for manufacturing springs is generally between 6 and 12. Smaller
spring index results in larger applied force, and therefore strapgag, as shown iEquation
(2-5) below, where G is the shear modulus of elasticity of the material.
0Q]
W 0 (2-5)

0

2.5.1.2 Spring Rate

Spring rate is defined as the change in load (force) pedeftection, as derived frofaquation

(2-3) above and is measured in N/m. However, a relationship between spring constant and number
of active coils can also be obtained fréquation (2-5) by rep | aci ng F wi t h kU,
Equation (2-6) below.

. 0Q
Q T (2-6)

As the number of coils or spring index increases, the spring constant decreases. On the contrary,
shear modulus is directly proportional to spring constant. Therefore, to achieve high spring rates,
a material with large shear modulus, low spring indexarahaller number of coils can be chosen

for spring fabrication.
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2.5.1.3 Natural Frequency

When springs are excited near their natural frequency, they tend to vibrate both laterally and
longitudinally. So, if a helical spring, fixed at one end, is given a serfficapid compression at

the other end, the end coil will be pushed against its neighbour before the remaining coils respond
to the displacemeii74]. This process is carried over one coil at a time thrgicompression wave
reaches the coil at the fixed end, where the disturbance is finally reflected back. The motion is
eventually damped out after several repetitions of compression wave propagation. This behaviour
is classified as spring surge and causey high stresses in the spring (identical to those obtained
when spring is compressed to its solid height). The spring surge relies on boundary conditions. For

the fixedfixed case in equatioBquation (2-7),

o Pp 2
T (2-7)
where f is the natural frequency, in Hz, and m is the mass of the spring, in kg.

Substituting in the mass of a heliaampression spring ifEquation (2-7), Equation (2-8) is

derived:

0

Q .0
c”

C“ ’O 6 I/I (2'8)

The symbol” denoteshe density of the spring wire, and N is the tatamber of coils in the
spring.To avoid spring surge during cyclic loading, the natural frequency should be at least 13
times the forcing frequency of the load. The higher the natural frequency, the higher the maximum

stresses as mass is redufed.
2.5.1.4 Ultimate Tensile Strength

Values for ultimate tensile strength of a spring wire is found to vary with wire diameter, and are
shown in Figure 2-21 for different materials. The ultimate tensile strength is indirectly
proportional to the wire diametavhich implies that increase in spring wire diameter leads to
decrease in minimum ultimattensile strengttSince reduction of wire diameter requires wire
drawing, the smaller the wire diameter, the more-eadtked the material. This leads to increased

dislocations which results in increased Udis to decreased dislocation motion
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2.5.1.5 Critical Buckling

In addition to keepindhe spring index value below 12, a couplé other factors need to be
considered to avoid buckling of a sprirguckling may occur if springs are too long §.4D).

The ratio of free length to the mean coil diameter (alsmnn as the slenderness factor), the ratio

of deflection to free length and types of ends determine if buckling will occur ¢r4joCritical
buckling occurs with values to the right of curves A and Bigure 2-22. Curve A depicts the
buckling regime for a compression spring with one end fixed and the other end free to tip. On the
other hand, curve Bas one end fixed and the other end fixed against tigsrghown irFigure
2-23.Buckling occurrence is lower in springs retained between two parallel plates as shown in

Figure 2-23 and indicatedin Figure 2-22, where the area of stability is larger curve B.
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Figure 2-21: Minimum ultimate tensile strengths versus wire diameter for different spring
material[75].

26



=
e
(=]
s i =
et

G:SE l ‘Ir,’
\

Ratio: Daflactien/Free Length
o
b
&
-.'.-.-
- —

[=]
B
(=]

_ A= \'\
0.0 Slnllble ~~

T

2 3 4 5 é 7 8 7 10
Ralio: Free Length/Maean hamater

Figure 2-22: Critical Buckling Curves

End Free to Tip End Fixed Against Tipping

= 1

Figure 2-23: End conditions used to determine critical buck[iAg].

2516 Shear Stress and Wahl 6s Correction Factor

There are two main components of stress acting oni@ahebmpression spring during loading.
The principle stress that maxes out at the surface of the wire (inner diameter of spring) is the
torsional shear stress. Accompanying this stress is the less significant direct shear stress, which

can be approximatdaly dividing the applied force (F) by the cressctional area (A) of the wire.
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These two stress components are illustratdegaore 2-24.

To avoid filure ofcompressiolspring during dynamic or static loading, the maximum shear stress
at the inner diameter of the helical compression spring must be calculated by summing up the two
stress components described ab&aation (2-9) shows this stress:
. Yoo
0 —— -
0 (2-9
whereKs s the direct shear stress factnich does not include stress duectwvature of spring.

Equation (2-10) shows the actual definition ofsK

! P
S (2-10)
F
-r-- ___-.:J
)
l{i-_ I ="
e
_
- _
e \
— __1_________ﬁ )

Figure 2-24: Free body diagram of a helical compression spring loaded with force F.
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Il n 1944, A. M. Wahl determined a new dKu,rectio
which incorporates the stress due to spring curvature in addition to the direct and torsional shear
stresse€quation (2-11) describes the relationship betweend the inner diameter of the spring

and the spring index:

. 10 p ™pu

18 1 78 (>-11)
At the outer diameter of the spring, thercection factor is defined kgquation (2-12):

. 10 p ™pu

v 10 1 0 (2-12)

Since thecorrection factor irEquation (2-12) is smaller than that iequation (2-11), it can be

concluded that the maximum stregsurs at the inner diameter of the spring.

Replacing K (Equation (2-10)) with Kw (Equation (2-11)) in Equation (2-9) above vyields the
maximum shear stress beyond which the spring fails during loading.

T 0 ﬂjz—o,o (2-13)

Q

Therefore Equation (2-13) above indicates the maximum stress at the inner diameter of the wire,
where the point of fracture initiation is locatgbh]. Figure 2-25 below shows the relationship
bet ween Wahl 6s factor and spring index. To o
Wa hl 6s c or (Keineedotolie beavean @.12 and 1.25 approximately. Generally, K
(identical to K) is used in conditions (such as elevated temperatures) when resultant stresses are

distributed more evenly around the cross section of the spring wire (after spgriagesaoved)

[77].
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However, the maximurstress obtained frofequation (2-13) holds only as long as the elastic
conditions prevall, i.e., as long as the yield point is not exceeded. Beyond the elastic limit, the
actual maximum stress could be lower than the deriviek vAlso, it is unlikely that a load will
directly be on a springds geometric axis. Ecc:

on one side of the spring to be hightean indicated ifcquation (2-9) andEquation (2-12) [74].

2.5.1.7 Types of spng ends

Compression springs can be manufactured to have one of the following types of ends: (1) plain
end; (2) plain end ground; (3) squared end; (4) squared and grounthbtel2-2 lists equations
for number of active coils (i/j, total number of coils {(N;), free length ¢), pitch (p) and solid

height (h) for different spring ends.
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Table 2-2: Equations for helical compression springs with different types of [Gi8ls

{a) Plain {b) Ground {c) Squared (d] Sgquared
and ground
Particular
Active coils, i i i—1 i'=2 i—12
T'otal coils, i —d f, fo = 3d L-2d
r P P P
Free length, !, or f ip+d ip ip + 3d ip+2d
Pitch, p - A [, = 3d [ =2d
i v i i
Solid height, i dif +1) dii + f diff + 1) i

2.5.1.8 Manufacturing

Industrial spring manufacturing occurs with huge automated robotic arms which allow quick and
efficient production of springs in bulk. Wirgngs, which include compression, tension and
torsion springs among others, are generally manufactured by wrappiege of wiraup to 0.75

in (18 mm) in diametermade out of processeypically coldrolled) carbon steel with
approximately0.5 to 1.2% carbon contefftandbook of mechanical spring desi¢iy], around a

metal shaft (also known as an arbor or mandrel) and heating the spring at relatively high

temperatures to stabilize and strengthen the shape of the spring, and reswwal stresses.

For largescale spring production in industries, fwahding is typically used if wire diameter is 3
in (75 mm) at most. The steel is coiled around a mandrel while red hot, quenched down to
martensitic temperature, and tempered tergjthen and remove residual stresses in the spring.

After heattreatment, the wire is ground down to improve the bearing surface. Ground and squared
ends generally tend to have bearing surface of 270 tbt83@duce the chance of buckling.
2.5.2 SMA Compressia Spring

Compared to conventional steel springs, helical SMA compression springs are more suitable for

spring actuators because they are lighter and produce larger forces. At lower weights, SMA spring
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actuators have the highest power/weight ratio comptyeother conventional actuators (see
Figure 2-26) which makes them ideal for liginteight automotive application§].
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Figure 2-26: Power/weight ratio versus weight of common actuatn

SMA spring actuators can be subdivided into two different categories namely thermal actuators
and electrical actuators. Thermal actuators combine the sensing and actuating functions,
responding to temperature change by changing shape and/or generating [8]fcElectrical

actuators respond to electrical signal and move an object or perform a task on demand. Typically,

a current is passed through the electrical SMA actuator to heat it abfresAape recovers].

2.5.2.1 Thermal Actuators

SMA thermal actuators are used inaiety of automotive applications summarized-igure
2-27. Three different temperature ranges are known to be beneficial for applications in cars.

Temperatures below @C are suitable for low temperature performance in engine, transmission,

suspension and brakes; temperatures betwé#h°G are favourable for cold start performance
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and climate control; and, temperatures betweedD°C are used for cooling system, restart

ability, climate control and rattlingg].

1 Shutter S Brake Ventllation
2 Fan Clutch 6 Transmission Control
3 Fuel Management 7 Alr Conditioning
4 Engine Cooling 8 Shock Absorber

Figure 2-27. Potential applications of thermal actuator$3h
Generally, transformation temperatures fre20 °C to approximately +80C are suitable for
multiple cycle operations due to large hysteresis width (30 ttCH@nd better stability during

cycling. Binary NiTi alloys with temperatures above 8D are convenient for single cycle

applicationd 3].

2.5.2.2 Thermomechanical Behaviour

To better uderstand the significance of SMA spring design for use in spring actuators, the
thermomechanical behaviour needs to be studdedhlysis of thermomechanical behaviour
involves studying the effect of temperature on the mechanical properties of SMA springs.
Constitutive, experimental and conventional spring design models have previously been used to
depict the thermomechanical behaviour of SMA spri@§s83]. Constitutive thermomechanical
models are complex and difficult to use directly as design models without direct knowledge of
numerical and computational methd@2!. Models based on experimental characterization or
conventional spring design are simpler to 8. Experimental characterization involves heating
SMA spring actuators in a thermal chamber or using etettrcurrent, and studying the

mechanical response at different temperatures, whereas, conventional springsksstge linear
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coil spring equation to study the sQdypicalyyb6s mec

for both experimental antbnventional techniques, forceflection plots of SMA springs in fully
martensitic (T<M) and fully austenitic (T>A states are sufficierib determine the maximum

force and deflection of the spring actudi®4].

Forcedeflection plots of actuation behaviour for SMA springs are shoviigiare 2-28. Figure

2-28 (a) shows notfinear behaviour of an actual SMA coil spring actuator while Figt28 )

shows linear behaviour of a conventional spring designdta. Comparing forcedeflection plots

for both models reflects the inaccurate prediction of the martensitic mechanical response for the
conventional spring desigihis occurs because the conventional design does not account for the
elongation of the cbspring actuator due to detwinninghich is a significant mechanism for SME

[84]. Therefore, experimental characterizatiom@MA spring actuatgrovides a moraccurate

model of its thermomechanical behaviour.
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Figure 2-28: Force deflection curveof (a) actuation behaviour and (b) curve based on
conventional spring desidg4].

2.5.2.3 Spring Stroke

Similar to conventional spring design, SMA compression spring design also requires the use of
parameters such as pitch, wire diameter, spring diameter and number of active coils to optimize
spring properties for temperatesensitive actuation. However, the maximum stroke is the most

important design constraint for SMA spring actuator design.
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Design parameters necessary for determining stroke are sh&iguie 2-29. ka" is the slope of

the austenite curvep s the force level at the end of the plateau-andis the difference in strain
betweerthe end of the martensite plateau and the point on the austenite curve at the same force
leve [85].

Figure 2-29: Forcestrain curve indicating design parameters for stroke measurement of SMA
helical spring 85].

Stroke produced by the actuator at the end of the martensite plateau is:
T -0, (2-14)

where lg is the austenite freeeference length of the actua{®5S]. The larger the stroke is, the

larger the actuation that is achievable in the helical coil actuator.
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