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ABSTRACT A SMART SOLUTION

ABSTRACT

The thesis can be summarised as an exercise in linking the
theoretical knowledge of Nickel Titanium Shape Memory Alloys to a
practical space. Background work includes establishing a thorough
understanding of the behaviour of Shape Memory Alloys, locating the
opportunities for actuation available in gas turbine engines, and
evaluating past studies that utilise SMA technologies in aerospace
applications. Using this knowledge base, an experimental
methodology is devised, focused on assessing criteria specifically
related to SMA actuation demands. FEM techniques are employed,
using data from the experimental study, to develop and analyse SMA
actuator concepts. The culmination of these various streams of work
effects the conceptualization of a novel solid-state flexural actuator

for the gas turbine engine variable stator vane assembly.
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CHAPTER 1
INTRODUCTION

1.1 Background

Gas turbine performance development has been traditionally
governed by the “worst case” deterioration and operating condition
which leads to large safety margins and severe compromises. This
design and control philosophy necessitates rigid limits and
margins, and as a result the potential performance of engine

components are often not exploited.

One way to overcome this situation is through the introduction of
active control of the engine operation using smart materials. Such
a system has the ability to diagnose the current operating condition
and react with an adequate control action. This results in
independent, narrower, more optimised operating envelopes, each
catered for a different operating requirement. The flexibility that
this system offers lifts the restraints brought about by operational
limits or singular events and ensures the best possible efficiency at

any given operating condition. As a result, this system can
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CHAPTER 1: INTRODUCTION A SMART SOLUTION

potentially enhance gas turbine engine capability, environmental

impact, safety and affordability.

Shape Memory Alloys (SMAs), a specialised subgroup of smart
materials, exhibit severable desirable characteristics exploitable
for this purpose. The foremost draw is their ability to convert a
non-mechanical input into a mechanical output (actuator) and
mechanical input into a non-mechanical output (sensor). The

subsequent mechanical response of these materials are typically
one or more orders of magnitude greater than the response

resulting from conventional material behaviour such as thermal

expansion.
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Figure 1.1: SMA related publications per year (Compiled with
data from Stoeckel 2011 [53])
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The unique attributes of NiTi SMAs have lead to their use in
different applications. Figure 1.1 demonstrates the exponential
nature of the rise in interest since the recent discovery of the
property [53]. Due to research into wunderstanding SMA
characteristics and control being new, there has not been enough
time for this wunderstanding to find its way to real world
applications on a large scale. Therefore, the general consensus is
that the best uses of the material are yet to come. This has given
researchers great impetus in pursuing this research avenue in the

hope of finding the “next big thing”.

1.2 Purpose of the Study

This study is an exploration into the introduction of actuation and
control to gas turbine blades structures. It will comprise the
coupling between the extensive requirements demanded by
application, to the enormous potential offered by Nickel Titanium
(NiTi) SMA plate. These efforts summate towards the

conceptualisation of a novel solid-state variable stator vane system

incorporating NiTi SMA plate.

From an academic perspective, this study evaluates SMA behaviour
from a purely actuator-centric perspective. The experimental study

focuses on shape-recovery on four-point bending— replicating

operation of a solid-state flexural actuator, to provide a

KASUN WICKRAMASINGHE — JUNE 2016 3



CHAPTER 1: INTRODUCTION A SMART SOLUTION

comprehensive map of NiTi SMA behaviour in the flexural
deformation mode. Moreover, through the adoption of in-situ
observational techniques, the study evaluates SMA microstructural
response as it is subjected to tests replicating actuation behaviour.
This enables a correlation study that links microstructural

observations and macroscopic responses together.

1.3 Key Contributions

Several contributions have been made in both academic and
practical fields through this novel study. The key contributions can

be summarised as:

(1) Understanding of NiTi behaviour through thermal and stress

induced transformations in the flexural deformation mode.

(2) DIC strain-field analysis revealing microstructural level

mechanisms behind the Shape Memory Effect.

(3) Verification and validation of model via comparative study

against experimental data.

(4) Development of actuator concepts utilising different

deformation/ strain recovery domains.

(5) Development of a Variable Stator Vane concept.
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1.4 Structure

The contents of this body of work is organised into seven chapters.
Chapter 2 explores current knowledge on the subject area and
highlights where this study fits in. The chapter is comprised of 4
specific literature reviews. The first is a review into NiTi SMA,
citing the materials unique characteristics, constitutive response
and the macromechanical and microstructural factors that govern
this behaviour. This follows a review of advances in SMA
understanding through experimental studies that utilise light
optical microscopy and ones that examine the constitutive
response in the flexural bending mode. The third section is
dedicated to a review of gas turbine engine stator vane
operation. This section identifies shortcomings of the current
system, potential opportunities for 1improvement and past
implementations of NiTi SMAs in gas turbine engines. The
chapter concludes with an assessment of the ecosystem of SMA

modelling approaches.

The experimental techniques employed for this study are
highlighted in chapter 3. Key methodologies adapted include;
envisioning of test criteria, development of a test schedule to
address these criteria, the preparation of specimens that allow for

in-situ DIC analysis, and the design of the test stage.

Chapter 4 is dedicated to the experimental findings. The main
objective of the study is to map the thermal and stress induced

transformation behaviour of NiTi plate under flexural deformation.
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In addition, in-situ techniques are employed allowing the
simultaneous observation at a microstructural and

macromechanical level.

Chapter 5 commences with an introduction of the Auricchio derived
built-in ABAQUS SMA model, and an assessment of its criteria.
This is followed by a comparative study for verification and
validation purposes, against data from flexural and uniaxial tests
from the experimental study. FEM modelling techniques are
employed to conceptualize two actuator designs, each exploiting a
different deformation application/recovery domain. The modus
operandi of these concepts and the resulting pros and cons are
detailed and discussed. The outstanding concept 1is further

developed into a fully operational variable stator vane.

Chapter 6 is the discussion chapter, which critically analyses the
methodological, empirical and artifact contributions in light of the

literature review.

The thesis is concluded in Chapter 7, which lists the findings,

conclusions and possible future studies stemming from this work.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

As this thesis is a unification of many different disciplines, a
number of literature reviews on the differing areas is necessitated.
To begin with, the thesis explores opportunities for utilising NiTi
SMA in future applications, requiring a study of Iliterature
concerning the material characteristics (Section 2.2). From an
academic perspective, the thesis explores advances in SMA
understanding made through using experimental studies (section
2.4), which leads to the conceptualisation of the experimental
study. From a practical perspective, the study addresses the
pressing issue of gas turbine engine’s inability to adapt to different
operating requirements, necessitating a study of literature
concerning gas turbine shortcomings, opportunities, and past uses
of SMAs (Section 2.3). An exploration of SMA modelling techniques
is initiated to identify the most suitable model (Section 2.5), with
which the novel NiTi solid-state actuator concept is conceived and
its operative capability tested. The chapter is concluded with a
summary of the findings, identifying gaps in knowledge and

justifying the adopted research approach.
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CHAPTER 2- LITERATURE REVIEW A SMART SOLUTION

2.2 Shape Memory Alloys

SMAs include nickel-titanium, copper-aluminium-nickel, copper-
zinc-aluminium and iron- manganese-silicon alloys. Of these, NiTi
SMAs, based on an equiatomic compound of nickel and titanium,
are regarded as the most useful in commercial applications [1].
Besides the ability of tolerating quite large amounts of shape
memory strain, NiTi shows high stability in cyclic applications,
possesses an elevated electrical resistivity, and 1is corrosion

resistant [2].

In 1961, William Buehler, a researcher at the Naval Ordnance
Laboratory, discovered that NiTi possesses a unique property in
shape memory. The alloy was named NiTiNOL after this place.
This properties actual discovery is said to have come about by
accident: at a laboratory management meeting, Dr. David Muzzey

with his pipe lighter, heated a strip of NiTi that was bent out of
shape many times, and to everyone's bemusement, the strip

stretched back to its original form.

Following this discovery, there was still a question. Exactly, what
made these metals “remember” their original shape? Dr. Frederick

Wang, an expert in crystal physics, identified the structural

changes at the atomic level to be the contributing factor in the
unique properties these alloys have [3]. SMA-characteristics were

later studied by Warlimont et al [4] and Sun and Hwang [5], who

identified five significant phenomena:
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The Shape Memory Effect by transformation
The Shape Memory Effect by re-orientation
Pseudoelasticity by transformation
Pseudoelasticity by re-orientation

The Two Way Shape Memory Effect.

Ot &~ W N

2.2.1 Properties and constitutive response

NiTi SMAs have two stable phases with different crystal lattice
structures and material characteristics; the low temperature
martensitic phase and the high temperature austenite or parent
phase. The common mechanical properties of austenitic and
martensitic NiTi and stainless steel are presented in Table 1.1.
Lowest and highest values are compiled from picked references [6-

9].

TABLE 1.1: Selected mechanical properties of NiTi (austenite &
martensite phases) and stainless steel (316LVM) [6-9]

NiTi Stainless
Austenitic | martensitic Steel
Ultimate tensile 800-1500 103-1100 483-1850
strength (MPa)
Tensile yield strength
100-800 50-300 190-1213
(MPa)
Modul f elasticit
OO o At 70-100 21-69 190-200
(GPa)
Elongatlcz;o)at failure 1-20 ap to 60 19-40
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NiTi in its martensitic phase is soft and ductile and can be easily
deformed, somewhat like soft pewter. Austenitic NiTi is strong and
hard, similar to titanium. From the point of view of practical
applications, another form of NiTi, stress-induced martensite, is
particularly important. In this form, NiTi is highly elastic, almost
rubber-like. This behaviour is observed at a temperature range
below pure austenitic behaviour. The material starts as austenite
but transforms into martensite form as a result of applied stress.
The constitutive response of each phase exhibited by equiatomic
NiTi SMA is schematically depicted in Figure 2.1, highlighting the
above characteristics. This figure is an oversimplification with
the actual behaviour influenced by many different factors. The

following sections will review this behaviour in detail.

N

@ A ustenite

Stress

@ A ystenite— Stress-
Induced Martensite

TEMPERATURE

@\ artensite

>

Strain

FIGURE 2.1: Stress strain behaviour of different states of
equiatomic NiTi at constant temperature
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2.2.2 Crystallographic aspects of phase

transformation

The shape memory phenomenon of NiTi is attributed to a
diffusionless solid-to-solid phase transformation between the
austenite (parent) and martensitic phase. The austenite phase is
characterised by an ordered body centred cubic crystal form (B2 —
Figure 2.2 (a)) [10]. Cooled beyond a critical temperature, it
undergoes a thermo-elastic martensitic transformation to an

intermediate orthorhombic (B19 — Figure 2.2 (c)) phase and then to
a distorted monoclinic or “twinned” structure (B19’ — Figure 2.2
(d)) referred to as martensitic plane variants, via a shear-like

mechanism [11].

The first step in martensitic transformation is known as the Bain
strain or lattice deformation, and it consists of all movements that
are needed to form the new structure from the old. In real
materials, Bain strain generally consists of several atomic shuffles
in addition to the movement illustrated [11]. To accommodate
internal stresses resulting from transformation to the B19’ phase,
formation of up to 24 multiple martensitic variants is possible [2].
This part of martensitic transformation is referred to as lattice

invariant shear.

One mechanical property that changes during phase transformation

is the point of apparent yield (the onset of the stress-strain plateau

KAsUN WICKRAMASINGHE —JUNE 2016 11
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in Figure 2.1). The martensitic structure deforms by moving twin
boundaries, which are quite mobile. It thus has lower yield
strength compared to austenite, which deforms by dislocation

generation and movement.

martensite

FIGURE 2.2: Thermally induced transformation from austenite to

martensite in two-dimensions (a) B2 - completely austenitic and (d)
B19’ - completely martensitic (b) the interface advances, each layer

of atoms is displaced slightly (c) B19 - intermediate orthorhombic
phase

2.2.3 Phase Transformation temperatures

The transformation to martensite by twinning 1is completely

KAsUN WICKRAMASINGHE —JUNE 2016 12
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reversible [12] and occurs over a temperature range due to the
varying local stresses between the grains [11]. There are four
stress dependent parameters referred to as the transformation
onset and finish temperatures (see below). They characterise the

start and finish temperatures to induce forward and reverse phase

transformations:

e Forward transformation: (1) Ms, martensite start temperature
— austenite begins to change to martensite. (2) M¢, martensite
finish temperature — completion of martensitic transformation

¢ Reverse transformation: (1) As, austenite start temperature —
martensite begins to change to austenite. (2) Af, austenite

finish temperature — completion of austenitic transformation

100 N

Austenite (%)

As

Figure 2.3 Phase transformation and hysteresis upon a change
of temperature
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These transformation temperatures are depicted in Figure 2.3,
displaying the relationship between austenite percentage and
change in temperature. The forward and reverse transformations
result in a thermoelastic hysteresis: the temperature range for
the reverse transformation (martensite-to-austenite) is higher
than that for the forward transformation. Hysteresis, defined as
the difference between the temperatures at which the material is
50% transformed to austenite upon heating and 50% transformed
to martensite upon cooling, can be up to 20 to 30°C in NiTi SMAs
[6,7]. This can be microscopically attributed to friction
associated with the reorientation of twin-related martensite

boundaries [11].

An idealized phase transformation diagram for typical NiTi SMA
material showing the effects of applied stress and temperature on
the transformation characteristics is depicted in Figure 2.4. The
transformation temperatures increase linearly with applied stress

[14-17] with gradients Cm and Ca, stress-temperature coefficients

for martensitic and austenitic transformation boundaries. This
linear behaviour is observed until the movement of dislocations in
the crystal structure becomes energetically more favourable than
the formation of the de-twinned martensite [18]. The red, green
and blue shaded areas correspond to twinned martensite, de-
twinned martensite and austenite, respectively. At the yellow

shaded area, all variants of NiTi are possible, and the stable phase

KAsUN WICKRAMASINGHE —JUNE 2016 14



CHAPTER 2- LITERATURE REVIEW A SMART SOLUTION

is determined by temperature history. The grey shaded areas

represent where the phase transformations occur.

Plasticity region

= Detwinned
martensite

Twinred |
martensite |
u" ‘{5 \_‘ "

Figure 2.4: Phase diagram of NiTi SMA showing the effect of
applied stress on the transformation temperatures: red - twinned

martensite, green - detwinned martensite, blue — austenite, yellow

— all variants possible, grey — phase transformation areas

Generally, the phase transition temperature of an equiatomic -
50%Ni-50%Ti — falls in the region of -50°C>+100°C. These phase
transformation temperatures are principally dependent on the alloy
composition of the NiTi SMA. The relationship between the nickel-
titanium ratio and the onset of forward martensitic transformation
is depicted in Figure 2.5. Titanium-rich Ni-Ti contains a second

phase Ti2Ni in the matrix and displays higher transformation

KAsUN WICKRAMASINGHE —JUNE 2016 15
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temperatures compared to more nickel-rich alloys [20]. Conversely,
excess nickel in the alloy reduces the transformation temperatures
and increases the permanent yield strength of the austenite phase.
As a result, control over the transformation temperatures of NiTi
SMA can be achieved during the manufacturing process by altering
the alloy composition. The transformation temperature can be
further altered through introducing a foreign alloy: an example
is  NigoPt3oTiso alloy which demonstrated transformation

temperatures above 530°C [140].

Nickel/Titanium Ratio
092 0.26 1.0 1.04 1.08

150 T T T T T

100 x -
G >><( X X
Yy X X §
= 50 i
£ X X
2 X%
= X" ¥ X
o
= - X X |
E X
2 »
S
Z 50 X
v
s
ﬁ X Hanlon et al XXX

_100f X Harrison et al ]

X
-150 1 L 1 1
48 49 50 51 52

Nickel Content (Atomic %)

Figure 2.5: Effect of NiTi alloy composition on Ms Temperature
(Compiled with data from Duerig et al [19])
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2.2.4 The Shape Memory Effect

Shape Memory Effect (SME) can be explained macroscopically
observing the material deformation as a function of stress and
temperature schematically depicted in Figure 2.6 and at a micro
level using 2D geometrical concept depicted in Figure 2.7 [19].
Cooling from austenite (point (a) in Figures 2.6 with lattice
structure depicted in Figure 2.7) below My, the self-accommodating
variants of martensite are formed without a macroscopic change in
strain (a). During the application of stress beyond the start stress
level (o), the reorientation process is initiated. At this stage, the
twin boundaries migrate resulting in a biased distribution of
martensite variants (known as detwinning) and an observable
macroscopic change in shape. The detwinning process is completed
at a stress level, ogr, and is characterised by the end of the plateau

in the stress-strain diagram in Figure 2.6. The stress required to

cause this movement is well below the permanent plastic yield

stress of martensite.

Upon unloading to zero stress, the detwinned crystal form remains.
Once this structure is heated above Af, the detwinned structure
transforms to BCC austenite form (a). Regardless of the
distribution of martensite variants, there is only one possible

austenitic structure. Consequently, it reverts back to its original

un-deformed shape. This cycle can be repeated. This shape change

KAsUN WICKRAMASINGHE —JUNE 2016 17
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phenomenon is a single occurrence and is referred as the one-way
SME. The SME in NiTi alloys allows the material to be used as
actuators, taking advantage of the geometrical change observed

through reverse transformation.

(©)
Os Of
)
$ (b) Strain
S Loading
@ ”Q

Y,

<

S Y4
~  f(a)

Figure 2.6 The Shape Memory Effect shown macroscopically:
austenite (a) is cooled below Mf (b) without undergoing a shape
change, then is deformed through the detwinning process os — of to
the onset of plastic deformation (c). Heating past Af the original
austenitic shape is restored
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Austenitic phase

Cooling Heating

—

Mechanical
deformation

Martensitic phase Deformed
martensitic phase

Figure 2.7: The Shape Memory Effect shown microscopically
[19]: austenite (a) is cooled to form twinned martensite (b), then is
deformed to form detwinned martensite (c). Heating either state
(b) or (¢c) will return the original austenitic structure.

SMAs can also exhibit a phenomenon called two-way SME, which

(13 . b . . .
has two memorized  configurations for each phase. This

behaviour can be trained through repeated thermo mechanical
cycling of martensite along a specific loading path past its
thermally recoverable strain. This results in permanent changes in

the microstructure, limiting the number of martensite variants,

which inhibit self-accommodation and increase the internal strain

[21]. Unlike one-way SME, only temperature must be varied to

affect the change in shape. The amount of strain recovery through
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phase transformation is, however, lower in comparison [12]. Figure

2.8 depicts the macroscopic mechanism for one-way and two-way

SME.

(a)
(b)
=
i) (c) =
5 =
(d) 2

v

Figure 2.8: Macroscopic mechanism of One Way and Two Way
Shape Memory Effects: (a) martensite, (b) Loaded and Deformed in
martensite phase, (c) Heated above Af (austenite), (d) Cooled below

Mf (martensite)

2.2.4b The Rhombohedral Phase

SME can be complicated due to the presence of a R-phase or “pre-
martensitic’ phase (rhombohedral form) between austenite to
martensite transformation [10]. This results in a completely
reversible two-step transformation from the parent phase to the R-
phase and then to the monoclinic martensitic phase as depicted in

Figure 2.9. The transformation to the R-phase consists only of
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small changes in the original lattice parameters of the austenitic

phase, distorting the original parent cubic phase [11]. According to
Wayman & Airoldi [22] and Rivolta [23], the R-phase is always
present in forward transformation but is often overlapped by the
martensitic phase transformation. The R-phase is affected by

factors such as aging [24], increased Ni content in alloying [25],

thermo mechanical treatment [26], and thermal cycling [27].

B2 (cubic) B19’ (Monoclinic)

R (rhombohedral)

Figure 2.9: Transformation paths in NiTi alloys: one stage
phase transformation B2—B19’, two stage phase transformation
B2—R-phase—B19’, reverse transformation: B19’—-B2, R-phase— B2

2.2.5 Pseudoelastic behaviour

Pseudoelasticity describes the mechanical behaviour of SMAs at
temperatures above A¢. It i1s characterised by large apparent
recoverable plastic deformations and encompasses both super

elastic and rubberlike behaviour. Representing the SMAs
pseudoelastic behaviour, three stages are observed on a stress-

strain curve. This is illustrated on Figure 2.10.
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For stresses below oMs elastic behaviour is observed. When

applying stress past critical value oMs, the transformation of the

parent BCC crystal to the detwinned martensitic crystal form -

which 1s known as stress-induced martensite - is initiated. This is

characterised by large transformation strains. The forward
transformation is completed reaching oMf, where the structure is
fully martensitic. Further loading results in an elastic response.
The reverse transformation initiates at o%s and completes at oAf

upon unloading. It demonstrates an overall hysteretic response.

Stress

Mf

Q
@)

Strain

Figure 2.10° Schematic of pseudoelastic loading cycle
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Figure 2.11: Phase diagram and two possible pseudoelastic
loading paths (adapted from Lagoudas 2008 [2])

To illustrate pseudoelastic behaviour in greater detail, the thermo
mechanical loading paths depicted in Figure 2.11, path 1
(A-B-C—»D—-E—F) — which corresponds to the stress-strain
schematic Figure 2.10 - and path 2 (a—b—c—d—e) can be

evaluated. The path generally starts at a temperature greater than
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A¢ (points A & a Figure 2.11), but is mechanically (path 1) or
thermo mechanically (path 2) loaded to a stress and temperature
where detwinned martensite is more stable (points B—C & b—c).
When returned to zero stress state, the material returns to its
austenitic phase as temperature is above Af (points E-F & d—e).
Due to the large recoverable strains observed during this process,

its use in vibration control applications is popular [2].

2.2.6 Thermodynamic aspects of phase

transformation

The phase transformations between the austenitic and martensitic
phases are driven either by stress or temperature. This behaviour
can be explained using Gibbs theory of thermodynamic stability for

an alloy system in equilibrium.

In thermally induced transformations at constant pressure, the
stable phase is determined by the entropy of the phases. A general
scheme of the Gibbs free energy of the austenite and martensite

phase as a function of temperature is reported in Figure 2.12.
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5 l Austenite

Martensite

Below Tothe martensitic | TS seesess To
phase has a lower free
energy therefore it is Above Tothe austenitic
favored phase has a lower free
thermodynamically energy therefore it is
more stable

To

Figure 2.12: The Variation of G with T for NiTi at a
constant stress: below TO martensite is the stable phase, above t0
austenite is the stable phase

The stable phase usually has the lower free energy at that given
temperature. The two phases have different enthalpies H and
entropies G leading to an intersection of the curves. When this
happens, at temperature Ty, the Gibbs free energies of the

austenite, y, and martensitic, a’, phases are equal, i.e.
GY (To) = Ge (To) (1.1)

where G refers to the Gibbs free energy. Thus, at To they are

thermodynamically in (metastable) equilibrium.

For small intervals of the temperature T, GY and G® can be
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considered to be a constant, and the following relation between the

enthalpy H, temperature T and entropy S can be written:
Gy = Hy - TSy (1.2)
Ge = Hae - TS« (1.3)

In stress induced transformations, where a single crystal SMA
specimen is subjected to a uniaxial stress, the expressions for the
Gibbs free energy for the parent and the martensitic phases can be

written as:

(G*)y = Hy - SYT — VgeYo (1.4)
(G*)a = He - SaT — Voeao (1.5)

where G* is the generalized form of the Gibbs free energy, Vo is the
volume of the crystal, o is the applied stress, and e is the

incremental macroscopic strain.

The wvariation in stress required to produce stress induced

transformations increases linearly with temperature. It obeys the

Clausius-Clayperon equation, and is written as

dMs  Tg,

do AH

(1.6)

where AH is the transformation latent heat, T is the temperature, o

1s the applied stress, Ms is the shifted M temperature and go is the

transformational strain resolved along the direction of the applied
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stress.

The critical stress required for martensitic transformation
increases with temperature until Mq. Above this temperature, the
critical stress required to induce martensite is greater than the
stress required to move the dislocations. Subsequently, the

temperature range for stress-induced transformations is from Ms to

Ma.

2.2.7 Damping behaviour

NiTi SMAs exhibit a hysteretic damping behaviour, where the
damping force does not significantly depend on the frequency of
oscillation. In such a system, the internal damping can be
described as a force proportional to the displacement but in phase
with the velocity. The following equations drawn from de Silva

(2005) [28] describe generic hysteretic damping.
The stress-strain relationship in hysteretic damping is given by
0 =Egycoswt — Eggsinwt = Eecos wt + Eg, cos (a)t + g) (2.1)

where o is the applied stress, E is the Young’s modulus, ¢ is the

material strain and w the frequency of oscillation.

The material stress has two components given by the RHS of

Equation 2.1. The first component corresponds to the linear elastic
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behaviour of the material and is in phase with the strain. The
second stress component represents the hysteretic damping and is

90° out of phase.

Using the complex form of the response according to

£ = gpel® (2.2)
Equation 2.1 becomes

o= (E+jE)e (2.3)

This represents hysteretic damping by using a complex modulus of
elasticity, which consists of a real part and imaginary part. These
correspond to the usual linear storage modulus and the hysteretic

loss modulus, respectively.

The energy dissipation per hysteresis loop of hysteretic damping,

the damping capacity, is given as
AU, = mxgh (2.4)

where AU, is the damping capacity, x is the amplitude of the
harmonic motion, h is the hysteretic damping constant which is

independent on the frequency.

The specific damping capacity per unit angle of cycle in hysteretic
damping is referred to as the loss factor. It indicates the efficiency
at which the material loses the energy to molecular rearrangement

and internal friction. The loss factor is calculated as the ratio of
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the loss modulus to the storage modulus. It is given as

h
n=x

(2.5)

where the stiffness k, may be measured as the average slope of the

displacement.

2.2.8 Thermo mechanical cycling

During the use as an actuator, an SMA structure is likely to be
subjected to repeated temperature cycles  through  the
transformation range under a constant variable load. This is
referred to as thermo mechanical cycling (TMC). Studies have
indicated that SMA  properties such as transformation
temperatures, transformation hysteresis, and strain response
change continuously under TMC [29-34]. This behaviour is a result
of the generation of defects in the microstructure during TMC [20,
29, 35-37]. NiTi SMAs response to TMC is largely dependent on the
annealing history and the stress—strain regime of TMC. It is also
related to the defects density in the material [33, 34, 38].
Nevertheless, this behaviour is reported to stabilize after a certain
number of cycles. Once the material has cleared off TMC effects,

the response is predictable and repeatable [32].
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2.2.9 Fatigue

Current work on thermo mechanical fatigue of SMAs focuses on
high-cycle and low-cycle performance under cyclic mechanical

loading either to a constant strain amplitude [39, 42-49] or a
constant stress [39-42]. Under mechanical cycling, at constant
strain amplitudes within the elastic range (less than 1% strain),
the fatigue life of NiTi has been shown to exceed 107 cycles.
Further increase in the strain amplitude results in a reduction in
fatigue life. For amplitudes that induce complete transformation

(10-11% strain) NiTi exhibits a fatigue life of 103-104 cycles [39, 40,

42, 44]. Failure modes during mechanical cycling include
catastrophic loss of function by fracture through initiation and
propagation of cracks, and the loss of ability to undergo a
reversible phase transition. Parameters that affect fatigue
behaviour have found to be [2]: stress amplitude [39, 41, 43, 50],
complete or partial transformation [42], alloy composition [39, 45,
46], heat treatment [48, 51], environment of testing [33] and
surface finish of specimens [40, 50]. Typical recoverable strains for

SME and pseudoelastic behaviour in NiTi range from 7-10% for low

cycle and 1-2% for high cycle applications [2].
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2.2.10 NiTi availability

As NiTi 1s a tough, complex material, cold machining of NiTi is
extremely difficult, and the material is mainly available in either
hot formed or simple cold-formed shapes [52]. In the past there
have been concerns with the formulating, melting and processing of
NiTi SMA, which can often lead to variations of composition at a
local level. Such inconsistencies can lead to unpredictable and
unrepeatable response, and substantially shorten fatigue life.
Nowadays, NiTi specialists such as Memry GmbH are meticulous in
balancing the effect of temperature on the material’s chemistry
against what each process needs to achieve. Such measures have
enabled the industrial scale manufacturing of the material to a

high consistency level.

NiTi material geometry has been primarily driven by the desired
applications into which the NiTi SMAs are envisioned. Because of
the promise it has in the lucrative medical market, small diameter
SMA wire has received much interest. Wire structures, however,
can be only operated in 1-dimension, limited the scope for use in
many applications. In contrast, SMA in plate form can exhibit 2
dimensional morphing behaviour and pseudoelasticity. As a result,
the application of SMA plates to other structures to either affect

damping qualities or induce a SME, is simpler and more effective

KAsUN WICKRAMASINGHE —JUNE 2016 31



CHAPTER 2- LITERATURE REVIEW A SMART SOLUTION

compared to SMA wire systems. Further, SMA plates have the

potential to be fully integrated as the structural part of a
component. And, if large-area plates are employed, they can

exhibit higher forces [53].

2.3 Gas turbine Development

There are a number of inherent inefficiencies in the gas turbines
that, in theory, with the aid of smart materials such as NiTi, could

be eradicated. Current gas turbine designs can be classified as
open-loop devices because of the limited on-board computational

capacity, the relatively poor sensor technology and an overriding
concern for reliability. This favours a mechanically simple system
that is unable to respond to changing conditions [54]. This
inflexibility means their design is governed by the “worst case”
deterioration and operating condition which leads to large safety
margins. Presently, the potentially available performance of gas
turbine components is not exploitable. This is due different limits
and margins being taken into account during the design [55].
These limit the available design space, which could otherwise be

used for design optimization.

As discussed previously, SMA plates open a wide range of
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possibilities as they can be easily incorporated into other
structures. This has given rise to the exiting possibility of
incorporating SMA plates into blade structures of the gas turbine
compressor. Figure 2.13 depicts these blade structures within a
typical triple spool compressor. Triple spool turbofan designs have

three compressor stages: (I) the low pressure (fan), (II)

intermediate pressure, and (III) high-pressure compressors.

.P. COMPRESSOR 7‘",
_ B

HP. COMPRESSOR

COMBUSTION CASE
MOUNTING FLANGE

|.P SHAFT DRIVE
FROM TURBINE

L.P SHAFT DRIVE
FROM TURBINE

H.P. DRIVE FROM TURBINE

Figure 2.13° A typical triple spool compressor (Source: Rolls
Royce; Soares 2008 [64])
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2.3.1 Blade structures in the gas turbine

compressor

The compressor typically consists of alternating rows of rotating
and stationary blades called rotor blades and stator vanes,
respectively, as shown in Figure 2.14 [64]. Together, these form
the axial compressor. The first stationary row in the compressor
intake, which comes in front of the first rotor, is known as the inlet

guide vane (IGV).

L

/.

“* Rotor Blade
em Stator Vane
Inlet Guide Vane

74

Figure 2.14: Schematic representation of an axial flow
compressor (adapted from Soares 2008 [64])
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The energy exchanges can be evaluated to understand how a
compressor operates. The general function of the compressor is to
supply large quantities of air at relatively high density for
combustion and expansion in the gas turbine and the exhaust
nozzle. The rotor blade adds swirl to the flow, increasing the
angular momentum and the total energy carried in the flow. The
stator removes swirl from the flow. As it is not a moving blade row,
the stator cannot add any net energy to the flow. Rather, it
converts the kinetic energy associated with swirl to internal
energy, raising the static pressure of the flow. The IGV also adds
no energy to the flow being a stationary component. It is designed
to add swirl in the direction of rotor motion to lower the Mach
number of the flow relative to the rotor blades and improve the

aerodynamic performance of the rotor.

Additionally, airflow control can be introduced into compressor
designs to allow high-pressure ratios on a single shaft. This may

take the form of variable IGVs at the first stage, plus a number of
stages incorporating variable stator vanes (VSVs) as the shaft
pressure ratio is increased. They operate by progressively closing
as the compressor speed is reduced from the original design value
to maintain an acceptable air angle value into the following rotor
blades. Figure 2.15 illustrates a typical variable stator vane

system.
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VARIABLE STATOR VANES

Figure 2.15° Typical variable stator vanes (Source’ Rolls
Royce; Soares 2008 [64])

The latest gas turbines have implemented integral bladed rotor

(IBR) designs; Rolls-Royce Trent XWB uses IBRs from stages 1

through 3, GE GEnx also uses IBRs for some stages. IBRs are

made from a single component consisting of a rotor disk and blades.
They can be integrally cast, machined from a solid piece of
material, or made by welding individual blades to the rotor disk.
In addition to being lighter and stiffer, IBRs eliminate balancing
problems experienced by hub and blade rotors, reduce vibration and

remove air leakage paths that occur in hub and blade rotors,
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increasing the propulsive efficiency of the engine [75]. Further, the
removal of the dovetail attachments eliminates a common source
for crack initiation and subsequent propagation [75]. However, any
damage to IBR blade necessitates the full removal of the engine to
replace the IBR or weld replacement blades. Fuel efficiency

improvements of up to 8% have been observed in IBR designs [75].

Dovetail joint

Integrally
Conventional 3 bladed rotor
mechanically attached

rotor

Figure 2.16° Comparison between (a) Conventional
mechanically attached rotor and (b) Integrally bladed rotor designs
(source: Soares 2008 [64])

The pressure and temperature environment through the Rolls Royce

Trent 800 turbofan engine are depicted in Figure 2.17. The
temperatures at the low-pressure compressor ranges from -50°C to
40°C, the intermediate compressor 50°C to 300°C and the high-

pressure compressor 300 to 650°C [65]. Identifying operating
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temperatures at each stage of the compressor is important due to

the thermo mechanical nature of SMAs.
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Figure 2.17° Temperature and pressure profiles through
gas turbine compressor stages (Adapted from Cervenka 2000 [65])

2.3.2 Scope for NiTi SMAs in blade structures

The benefit of introducing NiTi to blade structures in the gas

turbine compressor could be categorised by its purpose: (1)
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vibration control or (2) actuation.

The pseudoelasticity of SMA can be utilized to damp these
structures to stop high cycle fatigue failure from occurring. The
resulting reduction in amplitude still allows the components to be
designed with critical resonances in the operating range. This, in
turn, lifts aerodynamic design restrictions and reduces the
component weight and the noise signature developed by acoustic
vibrations. Opportunities for vibration control using NiTi alloys in
the blade assembly can be categorized by its role: material,
aerodynamic or friction damping. Aerodynamic damping highly
depends on geometry of the blades and may become negative and
induce flutter. Friction damping has traditionally been an effective
and feasible means of vibration control [66]. However, the
introduction of integrally bladed rotor designs has negated
opportunities for friction damping [75]. The possibilities for
material damping are quite low employing existing methods.
However, NiTi in plate form is an excellent candidate for material
damping. It combines the qualities of pseudoelasticity such as
large damping capacity, large recoverable plastic strains, high
fatigue life (under small strains) and corrosion strength, and the
inherent plate quality of effective integration into the blade
structure. Damping these structures would allow designs within

the critical resonances as vibration amplitudes are reduced.

Using the Shape Memory Effect the geometry of the blades

KAsUN WICKRAMASINGHE —JUNE 2016 39



CHAPTER 2- LITERATURE REVIEW A SMART SOLUTION

can be adapted according to the aerodynamic requirements during

compressor operation. Here, the incidence/deviation angle of flow

would increase/decrease as the compressor operates at different
mass flow rates compared to design conditions. Such a system
would dynamically alter the performance during flight allowing
designers to create engines that are lighter, more fuel efficient
along with smaller environmental footprints. The operation range
of the engine could also extend yielding safer transportation
systems. The use of NiTi SMAs as mechanical actuators brings the

following advantages [67]:

1. High power/weight and stroke length/weight ratios: Maximum

strain and stress limits up to 8% and 700MPa, respectively. SMA
is frequently assessed as having one of the highest energy densities
of materials that exhibit direct coupling, as depicted in the

actuation density diagram (see Figure 2.18).

2. Integration of sensory and actuation functions: This eradicates
the need for external electronic sensors and control to initiate

actuation.

3. Function in a clean, debris-less and spark-free manner: SME,

being an inherent material property, is not associated with moving
parts that require lubrication or electrical signals with a potential

to spark.

4. Integration of structure and SMA. Solid State SMA alloys
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have the capability to be fabricated in a form allowing it to be

embedded as a tension member within a structure.

5. Function in high to zero gravity environments: This is due to

SME being predominantly thermally induced.
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Figure 2.18° Actuation density diagram indicating typical
ranges for actuation stress, actuation strain, and the actuation
densities of different active materials that exhibit direct
coupling (adapted from Lagoudas 2008 [2])

NiTi SMAs have many advantages over traditional actuation and

damping mechanisms, but do suffer from a series of limitations that
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may impede practical application.

1. Actuation frequency: SMAs exhibit a low frequency response as
depicted in Figure 2.19. This restricts the use of the material in
applications where quick activation times are demanded. However,
actuation frequency 1i1s not a core factor in this application.
Operating demands that call for blade actuation only change in

extreme conditions such as take-off/landing.
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Figure 2.19: Actuation frequency diagram comparing the
actuation frequency ranges of different active materials that
exhibit direct coupling (adapted from Lagoudas 2008 [2])

2. Actuation symmetry: Actuation is typically induced electrically
through Joule heating. Deactivation to the martensitic state occurs

by free convective heat transfer to the ambient environment. As a
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result, actuation 1is typically asymmetric, with relatively fast
actuation times and slow de-actuation times. Several methods
have been proposed to reduce the deactivation time and the
asymmetry observed, including forced convection, and lagging NiTi

with a conductive material in order to manipulate the heat transfer

rate [73].

3. Fatigue: NiTi damping and actuation systems are subject to
fatigue through cyclic deformations. This can result in the
initiation and propagation of cracks that eventually lead to
catastrophic loss of function by fracture. In addition to this failure
mode, SMAs are also subject to functional fatigue, whereby it loses
(to some degree) its ability to undergo a reversible phase

transformation.

4. TMC effects: under TMC NiTi characteristics can change
continuously (see section 2.2.8 for more detail). This behaviour

only stabilises after a large number of cycles.

5. Unintended actuation: As the ambient temperature at the
compressor blades can be affected by external conditions and
operating requirements, unintentional actuation may occur. Such
instances are magnified due to the high velocity airflows present
that accelerate heat transfer rates. This can be negated by

employing adequate insulation.

6. Operating temperature: SMA operates under a specified

temperature envelope. As a result, SMA implementation 1is
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limited in areas where the engine environment is too hot.
However, some parts of the gas turbine engine, including the
Variable Stator Vanes fall within acceptable temperatures for

SMA actuation.

2.3.3 Prior uses of SMAs in gas turbines

Attempts have been previously made to incorporate SMA to gas
turbines to improve operation. However, none of these solutions
have yet made its way to current gas turbine operation. This
section explores instances where SMAs were introduced to end
world applications in the Aerospace industry and research in their
potential use with a particular focus on actuator concepts and
implementations to gas turbine engines. This latter study is

further subcategorized in accordance to the configuration of the

SMA and deformation/activation mechanism utilised.

Engine noise levels during take-off and landing are exceedingly

regulated worldwide. To reduce this noise, an on-going attempt by

Boeing USA implements SMA beams in a chevron nozzle for the

outer nacelle of a General Electric GE115B engine, which

withdraws the serrations at altitude [56-61]. This allows the
chevron nozzle to be one shape for take-off - bending the chevrons

into the flow, which increases mixing and reduces noise - and then

once out of noise sensitive regions, it can be another, straightening
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the chevrons for an aerodynamically efficient shape. A picture of

this system in operation is depicted in Figure 2.20.

Figure 2.20: Reconfigurable engine nozzle fan chevron using
SMA (courtesy of Boeing)

An alternative solution, the SMA hybrid composite chevron has
been developed by NASA to address the active chevron challenge
(as depicted in Figure 2.21). Morphing is established by alternate
heating of SMA strips, which build up asymmetric stresses and
create a bending moment. The SMA strips are installed on
opposing sides of the chevron centroid during the fabrication

process to induce this behaviour [2].
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Figure 2.21° SMA hybrid composite chevron concept (courtesy of
NASA) demonstrating an opposed type actuator implication

The ‘Smart Wing’ program through partnership with the Defense
Advanced Research Projects Agency, the Air Force Research
Laboratory, NASA and led by researchers at Northrop Grumman
Corporation explored development of a new adaptive wing utilising
SMA “tendon” and “torque tube” actuators for geometry
modification of the trailing flap and wing twist respectively.
Improvements of up to 30% for missile and bomb carriage and an
aerodynamic drag reduction of 20% to 40% were forecast. At the
time, the study assessed the technology readiness or maturity level

for the smart wing at being around 5. Furthermore, their work
discovered that torque requirements for a full-size fighter aircraft

wing fell outside capability of any actuation material or method

present at the time. The low bandwidth of the control surfaces also
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prevent potential use for operational aircrafts. Figure 2.22 shows

the layout of their Smart Wing concept.

Figure 2.22: Layout of the Smart Wing developed by Northrop
Grumman (courtesy of Northrop Grumman)

Another study was conducted in the US research programme ‘Smart
Aircraft and  Marine Propulsion System Demonstration’
(SAMPSON) with McDonnell Douglas, Lockheed Martin, Georgia
Institute of Technology, NASA, the Naval research laboratory,
General Dynamics- Electric Boat Division and Pennsylvania State
University as partners [62]. The study projected gains of up to 20%
in range, in addition to improved manoeuvrability, flutter and

buffet control, and a reduced signature in terms of radar detection.
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A full size wind tunnel demonstration of an SMA actuated F15
intake — as depicted in Figure 2.23 - with variable upper ramp and
smooth shape changing lower lip was produced through the use of

SMA bundles containing 34 wires/rods. This mechanism was able

to achieve a total force of 26,700N and a rotation of 9°. Limitations
were observed in the slow retraction time due to the cooling
inefficiency of the low temperature SMA. Further, the availability
of the SMA in wire form only necessitated an over complex chain

driven mechanism.

Figure 2.23° The SAMPON F-15 inlet cowl (Installed in the
NASA Langley transonic wind tunnel - courtesy of NASA)

The European Program for Actuation Technology In Future Aero-
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engine Control Systems (ADVACT) evaluates the possibilities of
using NiTi SMA in the form of large sections with improved
transformation temperatures (M¢ > 50°C) for adaptive nozzles [72].
A working demonstration of a “wavy” variable area nozzle was
developed giving control over the area of civil engine nozzles.
Finite Element Method computational techniques were employed
for modelling and validation of this concept. The concept

developed by this team is shown in Figure 2.24.

Figure 2.24° “Wavy” variable area nozzle (courtesy of ADVACT)
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A parallel study by ADVACT developed a single sector of a variable
nozzle exploiting a lower risk interlocking slats approach -
depicted in Figure 2.25. This solution has been tested in a wind

tunnel with complete simulated flight cycles being achieved.

Figure 2.25: Variable nozzle “interlocking slats approach”
(courtesy of ADVACT)

Another active research area is SMA blade twist actuation [2].
SMAs with their high actuation density are ideally suited for
applications where the available volume is limited. ADVACT has
conducted a study for the actuation of titanium compressor blades

[72]. The project reports development of large area NiTi actuator
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coatings employing low-pressure plasma spraying techniques. It

was noted that further work is required to operate this as an
actuator. The NiTi coated compressor blade developed by ADVACT

is shown in Figure 2.26.

Figure 2.26: Compressor blade coated with NiTi SMA (courtesy
of ADVACT)

There have also been numerous studies into wutilizing the
pseudoelastic qualities of SMA to control vibration characteristics
in gas turbine structures. Rolls Royce has conducted such research
and filed a patent for the use of SMA as a damper in a bearing

assembly to damp vibrations of a rotatable shaft [63].
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Research has also been carried out in the area of dynamic property
optimization that takes advantage of the changing elastic stiffness
via phase transformation [2, 74]. This behaviour, which is
secondary in many applications, can be used to manipulate the
dynamic response of a structure. One study reports the possibility

of decreasing the thermally induced deflection of a structure by
pre-straining [74]. Further, this changes the structural flutter

response, as the natural frequencies for each mode of vibration are

decreased due to the added weight and reduced stiffness.

2.4 Advances in research through experimental

studies

This section explores previous studies related to this work. It is

approached in two unique angles; (1) a review of previous studies

that incorporate in-situ loading and microscopy to observe material
behaviour, and (2) the academic progress made in understanding
the constitutive response and properties of SMAs under tension-

compression or bending. These two key areas have been recognised
as been fundamental in identifying the void in the research whilst
establishing the theoretical framework and methodological focus for

the experimental fragment of this work.
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2.4.1 In-situ observation of SMA behaviour:

Light optical microscopy

Studies that employ a combination of in-situ loading and

microscopy [4-12] are of a particular interest as they offer a rich

understanding of SMA response that addresses both

microstructural and macromechanical response simultaneously.

Using optical techniques to investigate binary NiTi has been found
to be very challenging however, due to the fine martensite plates

that characterise its microstructure. One effective method has
been presented by Lee et al [99]; in their study, etching of the

specimen surface was conducted through hydrofluoric acid. The
presence of martensite was identified through presence of surface
relief on the specimens. This procedure was very intensive however
as constant polishing and optical examination was required to
eliminate the oxidation layer present on the surface (without the
eradication of this layer it was not possible to successfully etch the
surface). Additionally, the presence of hydrofluoric acid introduces

a host of health and safety hazards to this study.

Escher et al [100] avoids the use of concentrated hydrofluoric acid
in their proposed etching technique, which allows light optical
microscopic observation of both austenite and martensite phases of
NiTi SMAs. They employ traditional grinding and polishing

methods initially — grinding is accomplished using silicon carbide
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paper with up to a 1000 grit coarseness, which is lubricated using
water. This is followed by the use of a 6 micron diamond slurry to
polish the specimen surface. Due to the ineffectiveness of etching
on the mechanically polished surface however — attributed to the

build up of deformed layers — a further electro-polishing step was

introduced. This was conducted using a Stues electrolyte A2 at 20
Volts for a duration of 25 seconds. The specimen is dipped into an
etchant consisting distilled water, hydrochloric acid, sodium
metabisulfite, potassium metabisulfite, and ammonium hydrogen

fluoride for 20 seconds for etching to occur.

There have been several studies that have conducted in-situ

microstructural analysis utilising the aforementioned etching
treatment techniques. Of particular note is work conducted by
Miyazaki et al. Through optical microscopy, they observed the
phenomena of martensite variants coalescing to form the most
favourable variant according to the loading direction. Additionally,
thermo mechanical cycling of specimens revealed build up of

residual martensite near grain boundaries.

Optical microscopy has also been employed to observe NiTi SMA

behaviour at a macroscopic level. One such study was performed by
Shaw et al in 1995 [102] and 1997 [103]; they acquired the macro

level transformation and thermal signature of the specimen using a

standard camera and a thermal camera respectively. Ingeniously,

KAsUN WICKRAMASINGHE —JUNE 2016 54



CHAPTER 2- LITERATURE REVIEW A SMART SOLUTION

they employed the naturally occuring oxide layer already present,
which, through loading revealed striking macroscopic
transformation bands. This occurrence was also synchronised with

the release of latent heat detected through the thermal camera.

Brinson et al present a similar study with simultaneous in-situ
loading and optical observation. This study 1is differentiated
through the investigation of both microstructural and macroscopic
regimes coupled with stress-strain data. A digital camera is used
to capture macroscopic photographs, whilst a microscope equipped
with an surface relief contour enhancing interference filter and
fitted with a digital video camera, allows observation at a
microstructural level without the prerequisite of elaborate etching
treatments. These lenses enable martensite variants to be easily

tracked through changes in the surface angle.

Using this methodological framework, Brinson et al clarified
several aspects of the transformation behaviour under loading at

different strain rates and fatigue. This included observations of
low-cycle localized plastic deformation, correlations between latent

heat release and stress relaxation, and a refined definition of “full

transformation” for polycrystalline materials [12].
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2.4.2 Constitutive response of NiTi: Bend studies

(tension-compression)

A thorough understanding of the flexural performance of NiTi plate
is required for the implementation of a NiTi based actuator system.

Previous studies have primarily evaluated material behaviour
under tension employing mostly uni-axial loads. To this date, only

four experimental studies have addressed SMA behaviour under
compression or bending, despite the prevalence of these

deformation modes in applications.

Most bend studies have restrained from using traditional point-
bending fixture tests; instead, they have opted for custom-built
pure-bending apparatus. Studies on small diameter NiTi wire
naturally restrict point-bending fixtures as a result of small radii

of curvature and large displacements - conditions where

undesirable axial loads can develop due to the support constraints.

The studies conducted by Berg [13] and Bundara et al. [14] have
employed moment-controlled experiments to assess the constitutive

relationship between applied pure bending moments and the
resulting curvatures. These studies, however, suffer a major

limitation due to their lack of control over strain rate, leading to a
significant impact on the stress/strain response during phase

transformations [12]. More recent work by Rejzner et al. [15] and
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Reedlunn et al. [16] avoid this problem by using displacement-

controlled, custom pure bending fixtures integrated into the load

frame.

The study by Reedlunn et al. [16] is particularly interesting as
they used larger diameter NiTi tube instead of wire, which negates
the requirement of a small radius of curvature to incur strain.

Additionally, the resulting smaller deformations and larger
specimen dimensions allow the use of in-situ imaging techniques in

the guise of Digital Image Correlation for strain measurement.
Their experimental tests were able to discover a significant
asymmetry between the compressive and tensile deformation
modes. This resulted in a shift of the neutral axis towards the
compressive side to equalise the distribution of tensile and
compressive stresses in the cross section. One limitation that was
noted, however, was the appearance of the Brazier effect [101], the
tendency of thin walled tubes to ovalise in bending due to

longitudinal tension and compression [17]. Ovalisation 1is
particularly undesirable if it leads to variant re-orientation along

this new deformation path at a granular level as it questions the
homogeneity over compressive and tensile responses in their bend

tests.

This could also result in accelerated development of stress

localisations under fatigue, which could lead to premature failure
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[12]. Another limitation encountered by Reedlunn et al. was
through undertaking tests in at room temperature without direct
measurement of the specimen temperature. This procedure is not

ideal because of the high temperature sensitivity of NiTi.

A common theme to most bending studies is the exclusive focus on
SMA behaviour in its Superelastic phase — stress induced
transformations at the outer fibre of the beam are not typically
induced. This can be attributed to the myriad of applications that
already employ Superelastic SMAs in this deformation mode,
making it a more lucrative research area. Moreover, most studies
on bending have followed a macro level approach to exploring
material behaviour. This has left the investigation of 1its
microstructural behaviour largely wunexplored, under this

deformation mode.

2.5 Modelling NiTi Shape Memory Alloy

One of the main objectives of this research is to utilise a model to
accurately simulate the non-linear behaviour of SMAs. The
constitutive modelling of SMAs 1is necessary for a variety of

purposes (Khandaval [86]). In particular, they:

1. Explain observed phenomena: by understanding the

underlying physics and mechanisms that cause the observed
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effects

2. Aid material development: by identifying the material
properties or processing parameters that can yield the
desired effects in terms of the material’s five main

characteristics (As listed on section 2.2).

3. Aid application development: by predicting the material
response in conjunction with a smart device or the system

under investigation.

This chapter is dedicated to the identification of a SMA model that
best addresses the requirements presented in this research. The
chapter is structured as follows. Sections 2.5.1 and 2.5.2 are an
evaluation of current ecology of constitutive modelling approaches
and narrates the path undertaken to narrow down the selection to

the most suitable for this study.

2.5.1 Modelling approaches Part 1: Scales of

continuum

The implementation of constitutive models for SMAs have been
challenging due to the highly non-linear, history dependent,
thermomechanical behaviour of SMAs. This section is dedicated to
the review of the main constitutive models that have been

developed to successfully map SMAs. Such reviews have been
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previously conducted by Birman [87], Bernardini and Pence [88]
and Paiva and Savi [89], Smith [90] and Lagoudas [91] Khandeval

[86] and Arghavani [92].

Fuelled by the increasing number of applications, this area of
constitutive modelling has been a topic of many research
publications and has seen significant developments in the past four
decades. In spite of this, there is yet to be a model accounting for
all five of the aforementioned phenomena of SMAs- giving plenty of
scope for further advancements. The majority of the resulting
constitutive models reported in literature can be formally classified

into these three major categories by scale of the continuum:
1. Macro: Macroscopic phenomenological models
2. Micro-macro: Micro mechanics based macroscopic models,
3. Micro: Microscopic thermodynamics models.

The section below evaluates these categories of models, relating

their suitability for our application.

2.5.1.1 Macroscopic phenomenological models

(macro-models)

Macro models use macroscopic variables to describe average

material behaviour. They are built on phenomenological
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thermodynamics and/or directly curve fitting experimental data.
As a result they can only describe the global mechanical response
while details on a microstructural level are ignored. These kinds of
models are generally more suitable for engineering applications as
a result of their simplicity and fast computations — effective
behaviour can be simulated efficiently with numerical methods
such as FEM [86]). Table 2.1 summarises Macro Models developed

for SMAs in chronological order.

Table 2.1: Summary of phenomenological models developed for
Shape Memory Alloys

Model Year |Description
Leclercq & 1996 | Modelling of detwinned and self-
Lexcellent accommodated martensite utilising two

internal variables

Auricchio & 1997 | One-Dimensional Model for Superelastic

Sacco Shape Memory Alloys with Different
Elastic Properties Between austenite and
martensite

Auricchio & 1997 | Modelling of finite strain Superelastic

Taylor behaviour

Auricchio, 1997 | Macromodelling of the Superelastic

Taylor & behaviour

Lubliner

Bekker & 1997 | Temperature-induced phase

Brinson transformation in a shape memory alloy:
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phase diagram based kinetics approach

Raniecki & 1998 | Thermodynamics of isotropic

Lexcellent pseudoelasticity in shape memory alloys

Souza, 1998 | Three dimensional model for solids

Mamiya & undergoing stress-induced phase

Zouain transformations

Brocca, 2002 | Three-dimensional constitutive model for

Brinson & shape memory alloys based on microplane

Bazant model

Helm & Haupt | 2003 | Phenomenological model for the multiaxial
material behaviour of shape memory alloys

Auricchio, 2003 | Modelling of SMA materials: training and

Marfia & two-way memory effects.

Sacco

Bouvet, 2004 | Phenomenological model for

Calloch & pseudoelasticity of shape memory alloys

Lexcellent under multiaxial proportional and non-
proportional loadings

Lagoudas & 2004 | Constitutive Modelling of Transformation-

Entchev induced Plasticity and its Effect on the
Behaviour of Porous Shape Memory Alloys

Muller & 2006 | Thermodynamic finite-strain model for

Bruhns pseudoelastic shape memory alloys

Auricchio, 2007 | Three-dimensional model describing

Reali & stress-induced solid phase transformation

Stefanelli with permanent inelasticity

Panico & 2007 | Three-dimensional phenomenological

Brinson model for martensite reorientation in

shape memory alloys

KASUN WICKRAMASINGHE — JUNE 2016

62

A SMART SOLUTION




CHAPTER 2- LITERATURE REVIEW A SMART SOLUTION

Popov & 2007 | Three-dimensional Constitutive Model for
Lagoudas Shape Memory Alloys Incorporating
Pseudoelasticity and Detwinning of Self-
Accommodated martensite

Thiebaud, 2007 | Multi-axial pseudoelastic model to predict
Collet, Foltete the dynamic behaviour of shape memory
& Lexcellent alloys

Reese & Christ | 2008 | Thermomechanically coupled modelling of
shape memory alloys in the framework of
large strains

Moumni, Zaki | 2008 | Theoretical and numerical modelling of
& Nguyen solid-solid phase change of shape memory
alloys

Christ & Reese | 2009 | Finite element model for shape memory
alloys considering thermomechanical
couplings at large strains

2.5.1.2 Micro-mechanics based macroscopic models

(micro-macro models)

Micro-macro models combine macroscopic continuum mechanics and
micromechanics to derive constitutive laws of the material. SMA
response 1s derived through the crystallographic modelling of a
single grain, which 1is averaged over a representative volume
element (RVE). A major strength of this modelling approach is the
ability to predict the material response wusing only the

crystallographical parameters. This provides a valuable insight on
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the phase transformation on the crystal level, successfully
reproducing reorientation and de-twinning of martensite variants.
The downside to this approach is in the large number of internal
variables utilised which necessitate a large number of numerical
computations. This computer intensive process renders models of
this approach difficult to implement for engineering purposes.
Table 2.2 summarises Micro Macro Models developed for SMAs in

chronological order.

Table 2.2: Summary of micro-mechanics based macroscopic
models developed for Shape Memory Alloys

Model Year | Description

Fischer & 1992 | Micromechanical Model for the Kinetics
Tanaka of martensitic Transformation

Sun & Hwang 1993 | Micromechanics modelling for the

constitutive behaviour of polycrystalline
shape memory alloys

Sun, Lexcellent 1996 | Micromechanics modelling of
& Goo reorientation process of single-crystal
shape memory alloys

Huang & Brinson | 1998 | Multi-variant model for single crystal
shape memory alloy behaviour

Govindjee & 2001 | Multi-Variant martensitic Phase

Miehe Transformation Model

Thamburaja & 2002 | Superelastic model for tension-torsion of
Anand Ti-Ni shape-memory alloy
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Thamburaja 2005 | Constitutive model for martensitic
reorientation and de-twinning in shape-
memory alloys

Patoor, 2006 | Micromechanical modelling of
Lagoudas, Polycrystallne SMAs- Averaging
Entchev, Brinson Micromechanics methods based on the
& Gao self-consistant approximation

Pan, Thamburaja | 2007 | Multi-axial modelling of shape-memory
& Chau alloys undergoing martensitic
reorientation and de-twinning

Thamburaja, Pan | 2009 | Evolution of microstructure during
& Chau twinning: constitutive equations

2.5.1.3 Microscopic thermodynamics models (micro

models)

Micro models focus on microstructural features such as nucleation,
interface motion and twin growth. These models interpret phase
volume fractions as a consequence of interface movements instead
of directly employing them as internal variables. Micro models can
be particularly effective for explaining fundamental phenomena
occurring at a microscopic level. However, this consequences in an
approach that is not easily applicable at a structural/device scale,
making them unsuitable for most engineering applications. Table
2.3 summarises Micro Macro Models developed for SMAs in

chronological order.
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Table 2.3: Summary of Micro-mechanics based macroscopic
models developed for Shape Memory Alloys

Model Year | Description

Ball & James 1987 | Micromechanical model using Fine Phase
Mixtures as Minimizers of Energy

Abeyaratne & 1990 | Continuum mechanical model for solid-
Knowles solid phase transitions

Levitas & Stein | 1997 | Simple Micromechanical Model of
Thermoelastic martensitic
Transformations

Bhattacharya 2003 | SMA material modelling- Microstructure
of martensite

Idesman, 2005 | Finite element simulations of martensitic
Levitas, phase transitions and microstructures
Preston & Cho based on a strain-softening model
Levitas & 2009 | Micromechanical modeling of stress-
Ozsoy induced phase transformations

2.5.2 Modelling approaches Part 2:

Phenomenological constitutive models

The above review details how each of the modelling approaches aim
to describe SMA behaviour from differing viewpoints and
continuum scales. However, Humbeek and Cederstrom, 1994 [105]
observe “... 1in spite of all these efforts and qualitatively very

interesting results, no single model exists that is able to describe
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quantitatively the shape memory performance of a real material.
The reason for this is related to the very strong influence of micro-
structure and processing on the mechanical properties described in

the (o, e, T) space.”

From an engineering application point of view, the most practical
and productive approach is to employ a model, which produces the
macroscopic global response without attempting to capture detailed
underlying thermomechanical behaviour. Such models are innately
frugal on computational resources whilst at the same time being
capable of processing complex 3-dimensional problems. To fully
understand the unique response of SMAs from a theoretical point of
view, however, micro and micro-macro models that take into
account the micro structural change that occurs during phase

transformation are necessitated.

In this work, a phenomenological modelling approach is selected.
This choice was persuaded by two major factors. Firstly, there is a
wealth of literature concerning macro approaches with the
inclusion of an extensive volume of models. Secondly, as this
research would eventually lead to the modelling of complex
structures under magnitude of variables; the inclusion of
micromechanical phenomena would result in an overcomplicated

model.

Macroscopic phenomenological modelling can be further categorised
as depicted in Figure 2,27 (This classification has been adopted
from Arghavani, [92]). The following section is dedicated to the

review of the various streams of this modelling approach.
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Phenomenologic

al Models
Models with Models without
Internal Internal
Variables Variables
Intc.ernal Assumed thase Plasticity PonnormaI Hysteresis
variable transformation based potential models
evolution kinetics models models

Figure 2.27: Ecosystem of phenomenological constitutive
models (Adopted from Arghavani [92])

2.5.2.1 Models without Internal Variables

Material behaviour is described by strain, stress, temperature and
entropy, whilst quantities representing phase mixture are not
introduced in this modelling approach. Models of this type can be
further categorised as (1) Hysteresis models, (2) Polynomial

potential models and (3) Plasticity based models.

2.5.2.1.1 Hysteresis models

Models of this category seek to replicate experimentally observed
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curves that encompass high nonlinearity and complex looping.
Their underlying constitutive equations are proposed directly on
the basis of mathematical properties, often without a clear focus on
their relationship with fundamental physical phenomena. This
modelling approach boasts a superior reliability and robustness
that favourably match experiments, whilst encompassing the
ability to treat complex driving. In the context of simulating SMA
response through hysteresis models, two main algorithm classes

exist.

In the first approach, sub-domain conversion/reversion is tracked to
obtain integral based algorithms. The Preisach algorithm is the
most prevalent of first class algorithms. This was employed to
describe wuniaxial isothermal pseudoelastic stress—strain SMA
response (Huo [106]; Ortin [107]). Limitations of this approach
have been pointed out by Bekker and Brinson [108], who argue that
the Preisach model 1is wunable to represent dead zones of
transformation or drift of hysteresis loops with cyclic loading
during partial transformation. Moreover, this approach
necessitates the calculation of a weighting function for every point
in the hysteresis region, leading to an overly intensive

computational process.

The second algorithm class is built on the fundamentals of
differential equations with separate forms for driving input
increase/decrease. An example of this category, the Duhem-
Madelung form differential equations, allow reproducing phase

fraction sub- loops for temperature histories. Likhacev and Koval
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[109] and Ivshin and Pence [110] use this approach to model the
SMA phase fraction evolution during thermally induced
transformation. A drawback of this method is in the relaying of the
fading influence of the initial phase fraction towards subsequent
shakedown behaviour. Exposing this algorithm to sustained
thermal cycles consequence in the sub-loops collapsing onto a final

limiting sub-loop.

2.5.2.1.2 Polynomial potential models

Models of this approach are based on constitutive equations for
stress/strain and entropy which are acquired through the partial
derivatives of the polynomial free energy function. The polynomial
potential model was initially proposed by Falk in 1980 [111] and
subsequent models by Falk [112] and Falk and Konopka [113] can

be categorised as models in this group.

Polynomial potential models are based on the Devonshire theory for
temperature induced first order phase transition combined with
hysteresis. They produce non-monotone stress-strain curves and
interpret unstable negative gradients as events of phase
transformation. The response tracked during such transitions are
assumed to occur over a constant stress. Moreover, the Landau-
Devonshire free energy accounts for the temperature dependence of

isothermal stress—strain behaviour in SMAs.

The key strength of the polynomial potential modelling approach

lies in its underlying simplicity. As a consequence, however, they
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are incapable of simulating complex material response or at
describing the evolutive nature of the processes accurately. Muller
and Xu [114] describe these models as a “one-dimensional model
that defines a polynomial free energy which describes

pseudoelasticity and shape memory in a very simple way”.

2.5.2.1.3 Plasticity models

Plasticity models aim to describe constitutive response employing
the well-established principles of the theory of elastoplasticity.
This modelling approach was first adapted to describe SMA
behaviour by Bertran in 1982 [115] using kinematics and isotropic
hardening concepts. Subsequent efforts based on fundamental
plasticity concepts lead to models capable of simulating both
Superelastic and Shape Memory effects. Models presented by
Maimiya and co-workers in 1995 [116], Souza and co-workers in
1998 [117] and Motta and co-workers in 1999 [118] all fall into this
category. A one-dimensional model proposed by Auricchio and co-
workers, capable of describing these SMA specific phenomena
(Auricchio and Lubliner , 1997 [119]), was later extended to a
three-dimensional context (Auricchio et al. 1997 [94]; Auricchio
and Sacco, 1997 [120]). Brandon and co-workers (Brandon et al
1992 [121]) model accounts for both plastic and elastic forms within
the hysteresis loop based on Muller and Xu’s experimental study of
single crystal SMA. This approach captures a wider range of

physical phenomena compared to traditional plasticity theory. It
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calculates elastic-plastic phase transformation through a
dependence on the time history of the strain and phase fractions.
The model 1is particularly suitable for single crystal SMA
applications to yield a smooth elastic-plastic mode transition
process. Other models of note that employ plasticity concepts
include models proposed by Govindjee and Kasper in 1997 [122] and

Leclercq and co-workers in 1995 [123].

2.5.2.2 Models with internal variables

In this approach, internal variables in the form of phase fractions
and/or macroscopic transformation strains are employed to describe
material structure. The internal variables are paired with
mechanical control variables (stress/strain) and thermodynamic
control variables (temperature/entropy) to form an array of state
variables. The subsequent use of a general thermodynamic
consistent approach allows derivation of evolution equations for
these state variables. Models based on this approach can be
further categorized into two groups: (1) Models with assumed
phase transformation kinetics and (2) Models with internal

variable evolution equation.

2.5.2.2.1 Models with assumed phase transformation

kinetics

Models of this category utilise the martensitic volumetric function
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— determined through the current values of stress and temperature
— as an internal variable. This formulation has been adopted in
some of the most prominent SMA concentrated modelling efforts,
with numerous functions been proposed to express the volumetric

fraction evolution.

Research lead by Tanaka can be credited for the pioneering work in
this stream of SMA modelling (Tanaka & Nagaki, 1982 [124];
Tanaka, 1986 [125]; Tanaka & Hayashi, 1992 [126]; Tanaka &
Nishimura, 1994 [127]; Tanaka & Nishimura, 1995 [128]). Their
proposed model was initially conceptualised to process three-
dimensional problems involving SMASs, however, its
implementation was restricted to a one-dimensional context. The
resulting model utilises exponential functions to calculate phase
transformations — thus necessitating extra consideration towards
the phase transformation final bounds. This original model was
subsequently expanded to a three-dimensional context by Boyd and
Lagoudas [129] using the same framework describing phase

transformation evolution.

The model proposed by Brinson in 1993 [130] adopts an alternative
approach to the phase transformation kinetics. The evolution law
based on the cosine function employs different elastic moduli for
austenite and martensite states. A novel feature of this model is
the differentiation between twinned and de-twinned martensite,
obtained by splitting the martensite fraction as temperature-
induced or stress-induced martensite. Liang & Rogers [131] also

utilise the cosine function in their proposed three-dimensional
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model, based on the principles of associated distortion energy

driving phase transformations in SMAs.

2.5.2.2.2 Models with internal variable evolution

equation

Models fitting into this basic framework are characterised by their
more intensive thermo-dynamical approach. The accompanying
physical laws are composed of the constitutive equations that
describe the material features and the material behaviour
requirements that enforce thermo-dynamical process restrictions.
These models specify the underlying constitutive information
through (1) State laws for the entities conjugate to their control

variables, and (2) Kinetic laws for the internal variables.

The State laws are either formulated directly or obtained as partial
derivatives of the appropriate free energy function by imposing the
Clausius-Duhem inequality for each process. A Fourier equation,
which relates temperature gradient and heat flux is generally
implemented if heat conduction is incorporated. The kinetic laws
generally rely on the phase fraction history of the material to
describe phase transformation hysteresis. The typical convention
1s to specify this dependence through equations that link the rates
of the internal variables to the current state and its time
derivatives. The resulting solution of differential equations in time

presents the internal state.

Historically, models proposed utilising this framework have been
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constrained to a one-dimensional context. However, in the last
decade, fuelled by available experimental data and ever-increasing
engineering applications, attention has shifted towards developing
three-dimensional constitutive models. Collectively, the current
group of three-dimensional phenomenological models capture a

wide array of SMA phenomena, including [92]:

- Asymmetric behaviour under tension-compression

- Different material behaviour in high and low temperature

- Finite deformations and nonlinear geometric effects

- Permanent transformation-induced plastic strains in cyclic loadings
- Phase dependent mechanical properties

- Plasticity due to dislocation motions

- Sub loops and return point memory effect

- Thermo-mechanical coupled and pseudo-rate dependent behaviour

- Variant reorientation under non-proportional loadings

This approach suffers from a lack of numerical implementation,
especially in comparison to the corresponding efforts made in
constitutive modelling. This can be in part attributed to the
general unavailability of constitutive models with a suitable form
for numerical implementation. The complicated structure of these
models - compared to plasticity models — coupled with the materials
inherent high non-linearity form further obstacles to its numerical

implementation.
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2.6 Implications of literature review on study

1. There are clear benefits in implementing a NiTi SMA solid-state
actuator to replace the dated pneumatic based variable stator vane
system. This proposed system could have the capability to cater for

a much larger operating condition requirement.

2. SMA studies are heavily skewed towards the study of SMA
primarily in the pseudoelastic form due to the demand in
applications in the biomedical field. The study of actuation
response on the other hand necessitates analysis of both austenite
and martensite phases along with phase transformational
behaviour. The introduction of temperature control is necessary to

enable such a study.

3. The flexural deformation mode combines both compressive and
tensile strains. As NiTi SMAs have reported asymmetry between
compression and tension, the flexural response is highly nonlinear
and complex. The study of SMA flexural deformation has been
limited to several studies, and a comprehensive analysis on NiTi
plate has not yet been undertaken. Such a study could have
implications towards the scientific knowledge of SMA response, and

the operation of SMA as an actuator.

4. In-situ studies have explored material behaviour in either
austenite or martensite phases due to the difficulty in integrating
temperature control and in-situ simultaneously. This has limited
these studies to the study of stress-induced transformation only.

The introduction of temperature control would allow both regimes
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to be analysed simultaneously and enable the study of temperature-

induced transformation.

5. The most suitable model approach to replicate SMA behaviour for
this application is one that is based on generalised plasticity theory
capable of simulating both pseudoelasticity and Shape Memory
Effects. Plasticity models are inherently efficient with
computational resources, a paramount consideration in the

modelling of complex SMA forms.
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CHAPTER 3

EXPERIMENTAL
METHODS

3.1 Introduction

Inspired by the above stream of research, the present study aims to
characterise the coupled thermomechanical response of NiTi SMA
plate in the flexural deformation mode. Four-point bend tests are
employed as the base for conducting this study. What distinguishes
this research is the analysis of both thermal and stress induced
transformation behaviour of NiTi in plate form. Additionally, in-
situ techniques allows simultaneous observation at a granular
level. The inclusion of these different aspects, however, presents

the study with a new series of challenges.

This experimental study forms an integral step to the design of a
NiTi SMA actuator exploiting the flexural deformation mode. Data
collected from the tests would stream into the subsequent studies
that are dedicated to FEM simulation of the material and actuator

response.

The body of the experimental investigation is arranged into two

KAsUN WICKRAMASINGHE —JUNE 2016 78



CHAPTER 3- EXPERIMENTAL METHODS A SMART SOLUTION

chapters. The methodology and experimental techniques that have
been utilised in the study are detailed in in Chapter 3 - Please note

that some parts of this methodology have been previously presented
by the author [76]. The consequent results, findings and

contributions generated by the study are presented in Chapter 4.

3.2 Testing Stage

Crosshead

Hydraulic
actuator

Environmental
Chamber

Force transducer

Load unit
control module

Figure 3.1: Testing stage: MTS 858 servo-hydraulic test system,
Thermcraft LB-series Box Laboratory
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Figure 3.1 illustrates the general set up. The load frame - a
Tabletop MTS 858 servo-hydraulic test system - uses a cross-head
assembly, which includes a single moving upper grip, a stationary
lower grip and a LVDT position sensor with an accuracy of £2.5 x
10°m. The loads are measured through a load cell with an
accuracy of 0.0227N. The system is designed to function in a
closed-loop configuration under computer control. The specimen
sits within a temperature controlled environmental chamber - a

Thermcraft LB-series Box Laboratory oven.

A custom four-point bend fixture is built and integrated into the
uniaxial load frame to perform the flexural tests, as depicted in
Figure 3.2. The external and internal supports are inverted to
limit the deflection of the optically investigated central section of
the specimen. The fixture is designed with adequate spatial
clearances in mind, allowing upper support deflection of up to 12.5
mm (equivalent to a 4 % strain at the outer fibre with the

specimens used).

68

A
\ 4

Figure 3.2 Custom four-point bend fixture

KAsUN WICKRAMASINGHE —JUNE 2016 80



CHAPTER 3- EXPERIMENTAL METHODS A SMART SOLUTION

The distance between the supporting pins coupled with the vertical
displacement at the centre of the plate is used in the calculation of
the global flexural stresses, strains and modulus. The equations

followed to obtain these values are:

Calculation of the flexural stress of

_ 3FL
9F = Zbaz

(3.1)

where, o; is the stress in outer fibres at midpoint (MPa), F is the
load at a given point on the load deflection curve (N), L is the
support span between the outer pins (50mm), b is the width of the
NiTi plate (8mm), and d is the thickness of the NiTi plate (1mm).

Calculation of the flexural strain Ef

__ 6dl?
& = SRz

(3.2)

where & is the strain at the outer surface (mm/mm), 1 is the

support span between the inner pins (25mm), and R is the radius of

curvature of the NiTi plate (mm).

Calculation of the flexural modulus Ef

L3m
Ep = 4bd3

(3.3)

where E; is the flexural modulus of elasticity (MPa), and m is the
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gradient of the elastic portion of the load deflection.

3.3 Optical microscopy

A single-camera setup is used to observe changes in the surface
transformation characteristics at a macroscopic and fine-scale
microstructural level as a function of loading parameters. The
camera used 1s a 12.76 mega pixel IP-58 rated Panasonic HX-A500
(as depicted in Figure 3.3) with a custom wide-angled macro lens

installed and paired with a 1000X magnification lens.

The camera and lens combination were primarily chosen for their
compactness — as space inside the environmental chamber was
restricted. The split camera/operation module design was valuable
as it allowed in-situ remote operation of the camera system whilst
inside the environmental chamber. Although this study did not
necessitate, as the experimental temperatures fell within the
operational temperatures of the camera, a liquid cooled enclosure
could have been commissioned to isolate the waterproof camera

console from ambient temperature.

This setup is capable of taking stills at 5376x3024 pixels and video
at resolutions of 3840x2160 at 30FPS, 1920x1080 at 60FPS,
1280x720 at 120FPS and 840x480 at 240FPS. The wide angled lens
provides a adjustable field of view of 44° or 30°. The minimum
focused area is approximately 0.55mmxlmm (height x width),
giving a theoretical pixel dimension of 0.2 microns at 4k video

capture (3840x2160). An LED based illumination setup, with a
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lower heat emission output is employed due to the elevated

temperature sensitivity of the tests.

Figure 3.3° Panasonic Hx-A500 used for in-situ optical

observation

Digital Image Correlation (DIC) is employed to obtain local strain
measurement without the need to rely solely on grip displacements.
DIC starts with a reference image and followed by subsequent
images recorded during the deformation process. A strain
distribution map is created by calculating the correlation between
the reference and deformed patterns. While traditional DIC
methods comprise the creation of a unique pattern through etching
or application of a high contrast media onto the specimen, this
study substitutes this by wusing the fine granular detail and

scratches on the specimen as its pattern.

The microstructural changes are observed from the finely polished
surface of the specimen. A higher detection sensitivity of fine
topological details 1s achieved through the use of a circular
polarizing filter - this increases colour saturation and reduce
reflections. A matte black painted aluminium back plate sits

behind the specimen to further reduce any reflections. A maximum
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zoom, which focuses on a surface area approximately 500um?2, is
utilised to investigate observation of the material at a variant
level. This allows the simultaneous viewing of both compressive
and tensile deformation modes. All images are taken during static
holds of constant temperature and strain. Figure 3.4 depicts the

field of view the four-point bend study optically investigates.

Un-deformed NiTi plate Field Of View Deformed NiTi plate

Figure 3.4: Optically investigated area through in the in-situ
study

3.4 Specimen Preparation

Proper specimen preparation is a very important aspect of any NiTi
SMA study. Traditionally, such measures are undertaken to
stabilise the complex response of the material, but due to the added
requirement of light optical observation, the importance on
specimen preparation is amplified. The steps undertaken to realise

this are described below.
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3.4.1 Machining

Near-equiatomic 1 mm thick NiTi plate was obtained from Memry
Metalle GmbH with manufacturer specified austenite finish (Ap)
temperature of 65°C. The plate is machined to dimensions of 66
mm x 8 mm using a wire cut electrical discharge machining process.
This minimizes heat distortion and cold work induced on the
cutting surface. As the tests optically investigate the specimen’s
surface and relate it to the material behaviour as a whole, the
homogeneity over their behaviours is important. A schematic of the

EDM process is depicted in Figure 3.5.

Electrode Wire (-) >

NiTi Plate Work piece (+)

Figure 3.5: Wire Cut EDM process employed for machining NiTi
specimens

3.4.2 Thermal conditioning

Thermomechanical treatment is one of the most effective methods

adopted for manipulating the transformation properties of NiTi
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SMA. It 1s particular useful for applications where cyclic
consistency is important, as the stability of phase transformation
has been found to depend upon the thermomechanical treatments,
such as heat-treatment and thermal cycling. The thermal
conditioning procedure implemented in this study is detailed

below.

The specimens are heat treated in an oven at 450°C for 1 hour
followed by water quench. This annealing condition ensures a large
grain size — at this temperature the amorphous bands start to
crystallize without completely annealing the structural defects in
the material, as crystallite nucleation is suppressed [77]. This step
is essential for the material to recover from any previous cold work
or damage 1t has sustained and to stabilize transformation

characteristics [77].

The specimens are thermally cycled through martensite and
austenite phases using a water bath. Miyazaki et al. [78] indicate
that Mf and Mg temperatures decrease with increasing number of
thermal cycles. The decrease is rapid at first but more gradual
with increasing cycles as values stabilize. Their TEM observations
reveal the introduction of dislocations from the first thermal cycle
onwards, which act as obstacles to dislocation movement and
stabilises behaviour through further thermal cycles. However,
their thermal cycling had also shown to activate R-Phase
transformation in NiTi SMAs that had a previously suppressed R-
Phase. In this study, the specimens are subjected to 30 thermal
cycles despite possible R-Phase activation, as it is paramount to

obtain stable and repeatable transformation characteristics
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throughout.

3.4.3 Micro preparation

The thermally prepared specimens are then subjected to several
steps of grinding and polishing using the Bueler Automet 250, to
allow observation of variant microstructure at the specimen
surface. The specimens are attached to a piece of bakelite in
preparation for the subsequent grinding and polishing steps.
Dimensional constraints necessitated manual hand polishing as the
specimens could not be mounted onto the polishing. The multi-
step process commences using coarse P800 and then P1200 abrasive
discs to grind all sides of the initially rough specimen surface. The
observational side of the specimen is then sequentially polished
using 3um MetaDi Supreme Diamond abrasive for coarse polishing
and then finally using 0.02-0.06pm MasterMet Silica for fine
polishing. Routine examinations after each grinding/polishing
cycle using a light optical microscope ensured each step was
executed properly — essential due to the manual hand polishing

technique employed.

3.5 Specimen Characterisation

Differential Scanning Calorimetry (DSC) is used to identify
phase transformation temperatures of the NiTi plates. This is a
thermo analytical method commonly used in NiTi SMA studies

that determines absolute phase transformation temperatures. It
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measures the difference between the amount of heat required to
increase the temperature of a sample and reference, as a
function of temperature. The phase transformations are
captured as a result of the large amounts of heat absorbed (or
emitted) during this process, with a relatively small change in

temperature.

The DSC tests adopt a temperature profile of 15°C to 100°C with a
constant scanning rate of 10 K/min. This is considered the most
efficient temperature rate to measure the intrinsic transition
quantities and also a common value within published literature.
This heating rate represents a quasi-static value, and is preferable
to higher heating rates that struggle to maintain a constant
temperature throughout the sample and produce inconsistent
results. Characterisation of the transformation temperatures is
essential in establishing temperature ranges for the experimental

study.

NiTi plate specimens in the following conditions are presented: (1)
as received, (2) annealed, and (3) thermally cycled. For DSC
scanning, lmm3 samples from these specimens are fabricated
through wire cut electrical discharge machining process. This
minimises disparity of behaviour between the sample and
specimen, which would otherwise occur due to heat distortion and

cold work.

The DSC thermograms of each of these aforementioned states under
heating (M 2 A) and cooling (A > M) are overlaid and depicted in

Figure 3.6 and Figure 3.7 respectively. The corresponding
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transformation temperatures that have been determined through
the intersections of a base line and the tangents to a thermal peak
from the thermograms are recorded in Table 3.1. The hysteresis is
calculated by finding the difference between the average forward

and reverse transformation temperatures.

The thermograms from the “As received” specimens (grey) reveal
shallow and strongly flattened endothermic and exothermic peaks
making it very difficult to determine the transformation
temperatures with any accuracy. However, it is evident that a wide
temperature band is present for both forward and reverse
transformations. Certain previous studies have suggested that cold
worked NiTi, without training, can be observed to be shape memory
effect “dead” as they exhibit no phase transformations. This
suggests that these pre-annealed specimens may have had a minor
degree of thermo mechanical cycling imposed before the DSC tests
were undertaken. A possible hypothesis is that the heat distortion
induced onto the cutting surface during machining might have

activated phase transformations.

After annealing, the material assumes a very different
characteristic, as the differences between Ms/M: and A /Af shrink
markedly. Moreover, the temperatures recorded at the onset of
forward transformation (Ms) and completion of reverse
transformation (Af) reduces significantly in comparison to the “as
received” specimen. The narrow single-stage endothermic and
exothermic phase transformation bands are accompanied by sharp
peaks - particularly evident during forward transformation (A>M).

These observations fall in line with common understanding of
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microstructural changes under annealing. Ni-rich precipitates are
formed during the heat treatment, which alters the Ni-Ti ratio in
the specimen. This small change in NiTi composition results in the

change in phase transformation temperatures.

Calorimetric observation of the thermally cycled specimen indicates
similar transformation temperatures and behaviour to the annealed
specimen. One notable exception is the exaggerated peak observed
during reverse transformation — indicating a higher latent heat.
According to Brailovski [79], this increase is attributed to the

increase of the austenite € - martensite phase transformation

reversibility.
A Annealed
— Thermally cycled
As received
2
Ke)
T
®
o)
I

20 25 30 35 40 45 50 55 60
Temperature (°C)

Figure 3.6: DSC Thermogram for heating (M>A)

KAsUN WICKRAMASINGHE —JUNE 2016 90



CHAPTER 3- EXPERIMENTAL METHODS A SMART SOLUTION
Annealed
A —— Thermally cycled
As received
2
o
L
©
(]
T
15 20 25 30 35 40 45 50 55 60

Temperature (°C)

Figure 3.7: DSC Thermogram for cooling (A>M)

Table 3.1: Phase transformation temperatures determined from

the DSC Thermograms

g ) Mg Mf Ms>Mf | Ag Af As>Ar | Hysteresis
ecimen
P (cC) |(cC) [(CC) | (C) |0 | €O |C0)
As received |47.8 |30.7 |17.1 28.5 | 50.9 |22.4 0.45
Annealed 34.9 | 30.6 |4.3 33.1 |37.4 (4.3 4.3
Thermally

35.6 |31.3 (4.3 33.5 | 38.2 | 4.7 4.7
cycled
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3.6 Test overview

The experimental test study can be subcategorized into three
sections: (1) constant temperature strain sweep tests, (2) constant
strain tests with temperature increments and (3) thermomechanical
cycling tests. The tests employ a temperature range between Af-
10°C>A¢+10°C (28.2°C>48.2°C) and a peak global flexural strain of
1%. Using these load parameters, the study performs a
comprehensive evaluation of the material behaviour within the

operating envelope of the planned NiTi SMA actuator.

The extremities of these parameters are established due to the
requirement of the maximum strain falling within the de-twinning
phase at the lowest temperature, Ar-10°C. However, it must be
noted that due to the non-linear response of the material, localised
strains could be considerably more, especially during the de-
twinning phase where large heterogeneities can exist between grain
boundaries. An adequate safety margin is thus kept from the end
of the strain plateau observed from previous data from tensile tests
on this material: ~4 % at room temperature. This strain magnitude
range ensures that thermo-mechanical cycling effects are
minimised and life span of each specimen 1is 1improved.
Furthermore, the lower strains reflect the behaviour of a high cycle
element such as the variable stator vane where uniformity of

performance must be established throughout the life cycle.

Three NiTi plate specimens are used in this study. The thermal
and fatigue history of each of the specimens is recorded and

carefully balanced to enhance comparability between results. In
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each of the constant strain tests, the temperature loading is
temporarily paused at planned intervals, while photographs are

taken of the observational surface.

3.7 Reliability and validity of acquired data

Several measures were taken to optimize the reliability and

validity of the data.

D Each analysis adopted a very high data capture rate. A
macro programme is then used to condense the results by
finding the average between a set of data points. This
allowed to diminish erroneous data points and to improve

overall validity of the data.

(II) The MTS 858 servo-hydraulic test system is subjected to
annual calibration checks of temperature and force by MTS
personnel. The results were obtained immediately after such

a calibration was performed.

(ITI) After each test, the specimen was placed inside a temperature
oven and heated past the Af temperature. This ensured that
the specimen was restored to its original condition and

formation of stress-induced martensite was reversed.

(IV) Different heating/cooling rates were experimented to evaluate
their effects, i.e. if the cooling rate was too high, the

specimen would not cool down quickly enough.
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(V) A procedure to run the tests was introduced. This optimized
uniformity, which in turn, improved the quality of the results

obtained.
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CHAPTER 4

EXPERIMENTAL
FINDINGS

4.1 Introduction

This chapter presents the findings and contributions brought by the
experimental study. The results are subcategorised into the main
types of investigations conducted, namely; cyclic tests that observe
material response upon mechanical and thermal cycling (Section
4.2), Constant Strain Temperature sweep Tests that evaluate the
effects that strain variation has on the material response as it is
subjected to a thermal load cycle (Section 4.3), Constant
Temperature Strain sweep tests that evaluate the effects
temperature change has on the material response as it is subjected
to a mechanical load cycle (Section 4.4) and finally microscopic
strain field analysis using in-situ DIC (Section 4.5). Observed
parameters include time, temperature, deflection and load from the
MTS test-system. The primary objective of this chapter is to
identify material parameters for the subsequent computational

study. SMA behaviour is examined at both a macroscopic level
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and granular level through in-situ observation.

4.2 Thermo-mechanical cycling

Implementation of radically new technology in the civil aerospace
sector stipulates exhaustive checks to satisfy the required
technology readiness level. One major consideration in such
measures is to ensure consistency of component operation and
performance over a prescribed operational period. In applications
that require such cyclic consistency, widespread utilisation of SMAs
has not occurred due to perceived instabilities during thermal and
mechanical cycling. In the case of NiTi SMAs, these instabilities
manifest as changes in its thermo-mechanical response. This can
lead to the accumulation of irrecoverable strain, changes in
transformation temperatures, transformation strains and
transformation hysteresis [2]. The objective of this study is to map
the macroscopic response of NiTi plate specimens over a specified
thermo-mechanical load cycle. It is designed to acquire the
operation parameters for the proposed SMA actuator in a bid to

minimise thermo-cycling effects.

The four-point flexural study is performed without any temperature
control: the ambient temperature ranged from 21°C to 23°C. As a
result, this study is constrained to the evaluation of the response at

a martensitic phase. The specimens are mechanically deformed
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isothermally to strains between 0>2% in strain control at a rate of
103s'1. At the completion of each mechanical cycle the specimens
are heated past the Af temperature to recover any retained
deformation. An identical testing procedure is applied on (1) As-
received and (2) Annealed NiTi plate specimens, permitting a direct
comparison between the two states and the impact of the thermal

conditioning.

Table 4.1 indicates the experimental parameters. The macroscopic
isothermal stress-strain response obtained through this thermo-
mechanical loading cycle is presented in Figure 4.1 for the as-
received and Figure 4.3 for annealed specimen condition. The
corresponding data tracking the change in the global tangent
modulus as a function of strain is presented in Figure 4.2 and

Figure 4.4 respectively.

Table 4.1: Experimental test conditions for specimens subjected

. . . ) Total
Strain Min/Max Strain rate | Temperature Min/Max to :
ests
0.1% = 2%
1 x 103s! Ambient 21°C>23°C 40
(20 steps)

to thermo-mechanical cycling
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Figure 4.1: Stress-Strain response for As-Received NiTi
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Figure 4.2 Tangent Modulus-Strain for As-Received NiTi
Specimens: Cycles 1-20 Loading
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Figure 4.3 Stress-Strain response for Annealed NiTi Specimens:

Cycles 1-20
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Figure 4.4° Tangent Modulus-Strain for Annealed NiTi

Specimens: Cycles 12220 Loading
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It is clear that these results do not follow the traditional stress-
strain response obtained from a NiTi tensile test. This is because
the global flexural response is determined by both tensile and
compressive forces, which comparatively exhibit a substantial
heterogeneity: [16] observed a higher transformation strain value
coupled with a lower transformation stress value for tension
compared to that for compression, and an emergence of localised
strain only under tension in their comparative study. Moreover,
this asymmetry affects the flexural strain distribution profile
resulting in a complex mechanical response under flexural

deformation.

The mechanical response has distinct regimes consistent over the
differing specimen states. This portion concentrates on the
evaluation of the global response observed through cycles 1-16.
Under loading, the initial region between 02>0.25% strain launches
with tangent modulus that ranges from 75-85MPa for as-received
condition and 65-70 MPa for the annealed condition. This
gradually reduces to 70 — 75MPa and 50-55 MPa respectively at
0.25% strain. Following this the global tangent modulus undergoes
an increase up to a strain value of approximately 0.5% and a
modulus of 70-80 MPa and 55-56 MPa respectively. The final
segment, 0.5% > 2% strain, comprises a gradual reduction of the
tangent modulus as it approaches a more compliant “plateau”

region ending with small positive tangent modulus.
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The response through unloading can be defined through two
distinct phases. Initial unloading is characterised by a steep
vertical segment with minimum change in strain magnitude. An
abrupt change in the response occurs at the end of this segment as
strain recovery commences. Thereafter the response decreases in a
monotonic manner with a shallowing tangent modulus. As these
tests are conducted at a temperature range, which falls within the
specimen’s martensitic phase, at the end of unloading there is a

retained deformation.

Through advancing thermo-mechanical cycles (1720), however,
there is a change to the characteristics of this response. While the
loading sequence commences 1in a near-identical manner,
differences are observable past 0.25% strain magnitude. The
abrupt increase that was previously observed in the tangent
modulus between 0.252>0.5% strain magnitude is now supressed,
and instead the tangent modulus decreases in a linear manner
until the completion of the loading cycle. This ultimately results
in an earlier but more gradual transition towards the “plateau”
point on the stress-strain response. The change in the material
response is carried through to unloading: while the material still
follows two distinct phases through this process, the tangent
modulus in the secondary strain recovery phase is markedly
higher. This results in a greater percentage of unrecovered strain

at zero stress.
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This phenomenon can be attributed to the stabilisation of the R-
Phase after the critical thermo-mechanical cycle is reached. On a
crystallographic level, dislocations are introduced by the thermo-
mechanical cycling, with the density of the dislocations increasing
with further cycles. The higher dislocation density hinders
martensitic transformation resulting in a gradual reduction in Mg,
which in turn activates and promotes the continued existence of the
R-Phase [83]. Beyond the critical number of thermal cycles, these
effects lead to a saturation point where the R-phase gets stabilised.
This can be very advantageous for any application utilising the
Shape Memory Effect as it improves the cyclic constancy by
controlling the decay of strain recovery, which would otherwise

occur.

4.3 Constant temperature strain sweep

The main objective of this study is to replicate deflection behaviour
of a NiTi plate actuator concept over a range of static temperatures
with increments of strain. Table 4.2 highlights the experimental
parameters followed to obtain this result. The typical loading path
of the specimen is depicted in Figure 4.5, which corresponds to a
strain sweep type test. The crossing of phase transformation
boundaries between A->B represents the reverse transformation

and C=>D the forward transformation.
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Table 4.2: Constant Temperature Tests

Total

Strain Strain rate Temperature Min/Max
tests

-13°C Ar > +12°C A¢

1x104s!1 > 1x 102g71

1% (6 steps + 6 steps 36

(3 steps)
reverse)

Strain

Af

""" » Constant
Temperatur
test

31.3 33.5 35.6 38.2.
Static Temperature (°C)
Figure 4.5 ° Schematic of loading path followed in the constant

temperature tests and the points at which they cross the phase
transformation boundaries

The tests are sequenced so that strain is always recovered after a

cycle that is loaded from the martensitic phase: the subsequent
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cycle runs above Af and activates the SMA. In addition to this, a
“dwelling” period of 30 minutes is given for the specimen
temperature to equalise with the ambient temperature prior to each
test. Loading sequences for each of the initial 18 tests are repeated
in reverse order to account for the temperature history sensitivity
of the material. The strain is regulated by a displacement input,
which restricts strain relaxation, which would otherwise occur due

to phase transformation.

The sampling rate, 100/1pm, is set as a function of deflection
rather than time, ensuring a degree of uniformity between the
three strain rates. A consequence of this high sampling rate is the
accumulation of an excessive volume of data (40,000 data points
from each test). To condense the data into a more manageable size,
a macro programme that calculates the mean value between every
100 data points is deployed. This method is favoured over the use
of a lower sample rate as it lessens the weightiness of erroneous

data.

Stress-strain data obtained from the forward temperature scan of
25°C = 50°C at strain rates of 1 x 104s'1, 1 x 103s’? and 1 x 102g°!
are depicted in Figures 4.6, 4.8 and 4.10 respectively. In principle,
the slower strain rates ensure quasi-static loading conditions to be
satisfied. In these conditions the inertia force is insignificant and
can be ignored. On the other hand, the higher dynamic -type strain
rate loading has the potential to induce a temperature rise that

alters the pseudoelastic response of the material.
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Figure 4.6: Stress-Strain curves obtained with loading rate of
104s! at different temperature magnitudes
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Figure 4.7: Tangent Modulus-Strain curves obtained with
loading rate of 10%s’! at different temperature magnitudes
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Figure 4.8 Stress-Strain curves obtained with loading rate of
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Figure 4.9: Tangent Modulus-Strain curves obtained with
loading rate of 10%s’! at different temperature magnitudes
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Figure 4.10‘ Stress-Strain curves obtained with loading rate of
102s! at different temperature magnitudes
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Figure 4.11° Tangent Modulus-Strain curves obtained with
loading rate of 102s’! at different temperature magnitudes
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Typical of NiTi SMA response, the material observes a reverse
correlation to temperature change to what is the norm with other
materials— NiTi stiffness increases with temperature. This
relationship is further illustrated in Figures 4.7, 4.9 and 4.11,
which tracks variation in the tangent modulus as a function of
strain. The tangent modulus ratio is estimated from the gradient
of the material response and calculated through increments of 0.1%

strain.

Temperatures below the As temperature corresponds to the tangent
modulus of pure martensite, and above Af, the tangent modulus of
pure austenite. At intermediate temperatures, this value is
governed by the volume fractions of martensite and austenite
present. While this is true in theory, due to the presence of a
complex mix of tensile and compressive forces in our tests, the

material does not follow a linear response in any of its stages.

There is a distinct “jump” observed in the Tangent Modulus from
40°C > 45°C. While this indicates the materials transformation
from martensite to austenite at zero stress, the DSC data suggests
this step should have occurred between 35°C—>40°C as the
materials Ar temperature is 38°C. One possible hypothesis is that
the “Dwell” time was insufficient for the specimen to equalise with
the ambient temperature. On the other hand, this could be a result
of a small discrepancy in response between the DSC samples and

the specimen, likely attributed to machining affects.

Following the material response, it is evident that the point of
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apparent yield - marked by a change in gradient - occurs at an
earlier time-point at lower, sub-austenitic temperatures. This
signifies the 1initial stages of stress induced martensitic
transformation. Prior to this, deformation is governed by
dislocation generation and movement from the multiple variants of
martensite present. In contrast, the stress-induced martensitic
structure, which subsequently present, deforms by moving twin

boundaries.

The comparison of the material response between the different

loading rates suggests a minimal variance. This is consistent with
observations from Liu et al [84], who studied behaviour over a

broader range of strain rates — 3x10-4 - 3000/s, and hypothesised
that the deformation mechanism does not change with strain rate.
These findings differ from Tobushi et al. 1998 [104]. In their
dynamic tensile tests, they detected an increase in the stress and
temperature required for martensitic transformation with strain
rates above 1.67/s. This study was not able to replicate such high
strain rates as they were outside the operating envelope of the test-

stage.

One minor pattern emerging from these results is an apparent
decrease 1in the stress hysteresis loop formed Dbetween the
loading/unloading phases with higher strain rates. The strain rate
dependence of the stress hysteresis is governed by the rate of heat
release/absorption (controlled by the loading rate) and the rate of

heat transfer to the environment. Increases in the strain rate
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shorten the loading time and result in a faster latent-heat release
and enhanced heat accumulation in the specimen. Theoretically,
this would result a higher specimen temperature during forward
transition (loading) increasing the transformation stress.
Adversely, faster cooling of the specimen during reverse
transformation would result in a lower transformation stress.
However, at dynamic strain rates (as observed in this study with
the strain rate of 1 x 102s'1), the heat release through loading does
not have enough time to transfer out completely and is carried to
the unloading phase, increasing the specimen temperature at the
onset of the unloading phase. This would in turn increase the
transformation stress and widen the stress hysteresis loop. This
occurrence could have been avoided by implementing longer “dwell”
periods between the loading and unloading phases to lower the

interference between the two processes.

4.4 Constant Strain Temperature Sweep

The main objective of this study is to replicate the actuation
behaviour of the NiTi plate actuator concept over a range of static
strains with increments of temperature. The deformation recovery
characteristics of the NiTi plate specimens at different load
magnitudes are analysed to accomplish this. Table 4.3 highlights
the parameters used in this study, which allows the evaluation of
macroscopically observable material characteristics and

microstructural changes over the stated temperature range.
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Table 4.3: Constant Strain Tests

Strain Temperature | Temperature Ovtical 1 ) Total
. . ical Imagin
Min/Max Min/Max ramp rate P ging tests
0.25% > o Static temperature
1% -10°C Ar > holds
+10°CAr> - | 1x 101 °CS 4
(At -10°C (21 steps/every 2
10°C As o
At/ 4 steps) C)

eeccecccccces
.

Static Strain

e0c00cc000c000000000000
.
©0000000000000000000000000000000000000000000000000COCCOIOOGIGIOIEOIEIY if

**++*» Constant
Load test

30 33:5 356 380 50
313

Temperature (°C)
Figure 4.12° Schematic of loading path followed in the constant

strain tests and the points at which they cross the phase
transformation boundaries
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The loading cycle is depicted in Figure 4.12 and corresponds to a
temperature sweep test. A->B represents the reverse
transformation and C>D the forward transformation. A pre-strain
(0.25%>1%) is applied on the specimen before the start of the
temperature sweep cycle. The implementation of a static load
parameter, while mimicking the operation of an actuator utilising
the shape memory effect, would have hindered the effectiveness of
the in-situ study, which necessitated a static observational area.
As a result, these tests are regulated by a displacement input
instead, which constrains strain recovery during the temperature

sweep cycle.

Consequently, the main macroscopic observable parameter obtained
through the MTS test system is the recovery stress. Figure 4.13
and Figure 4.14 illustrate the changes in recovery stress as a result
of the temperature sweep cycle for tests conducted with strain
magnitudes of 0.25%, 0.5%, 0.75% and 1%. The corresponding
changes in the tangent modulus are illustrated in Figure 4.15 and

Figure 4.16.

Similar to all other tests in this study, the specimen is heated past
its austenite finish (Af) temperature prior to each subsequent test
to eradicate the presence of stress-induced martensite and ensure
that strains are not carried over between tests. This is executed at

zero strain, using an identical temperature ramp rate.
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Figure 4.13: Recovery Stress as a function of temperature for the

forward temperature scan of 30°C2>50°C at different strain magnitudes
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Figure 4.14: Recovery Stress as a function of temperature for the

reverse temperature scan of 50°C>30°C at different strain magnitudes

KASUN WICKRAMASINGHE — JUNE 2016 113



CHAPTER 4- EXPERIMENTAL FINDINGS A SMART SOLUTION

90000
TANGENT MODULUS/TEMPERA?E
80000
£
g 70000
M —(0.25% STRAIN
& 60000 0.5% STRAIN

—0.75% STRAIN

50000
1% STRAIN

30000

TANGENT MODUL
S
o
8

20000
30 32 34 36 38 40 42 44 46 48 50
TEMPERATURE (°C)

Figure 4.15° Tangent Modulus as a function of temperature for the

forward temperature scan of 30°C2>50°C at different strain magnitudes
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Figure 4.16° Tangent Modulus as a function of temperature for the

reverse temperature scan of 50°C>30°C at different strain magnitudes
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The global macroscopic response of the NiTi plate specimen under
this test condition can be summarised as follows. During heating,
recovery stresses are generated from the onset temperature (30°C).
The stress increases with temperature until the maximum
temperature of 50°C is attained. An almost linear increase to the
tangent modulus during this segment suggests a parallel increase
in the rate of recovery stress increase at the top of the temperature

cycle.

Analysing this response in more detail, a “stepped” increment is
observed in the increase of recovery stress. This occurrence is a
direct result of application of temperature control by the MTS test
system and 1is not indicative of material behaviour. The
temperature regulation system on the MTS test system is equipped
with high capacity heating elements which are designed to operate
in unison with active cooling. As these tests are conducted at
temperatures very close to the ambient without using active
cooling, the system struggles to maintain a smooth temperature

increment.

The cooling segment of the temperature sweep results in decreasing
recovery stresses. There is no evidence of a “stepped” incremental
response as the material cooling undertaken naturally with no
interference from the MTS temperature control element. A
hysteresis can be observed between the heating/cooling responses:

decreasing temperatures correspond to higher recovery stresses
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than increasing temperature. This can be attributed to differences
between the forward and reverse phase transformations
temperatures. Moreover, increase in recovery stresses under
cooling suggests that the austenite>martensite transformation
occurs at a lower temperature point than the martensite>austenite
transformation. This behaviour is indicative of the loading history
dependence on NiTi response, in this instance as a result of the

temperature history.

While the above describes the general global response observed
through the temperature sweep study, there are noteworthy
changes to the response characteristics for the cycle conducted at
the lowest strain magnitude (0.25%). Tracking the response under
cooling, there is no initial reduction in the tangent modulus, which
commences with a positive gradient that eventually “plateaus”
(50°C>47°C). The tangent modulus then sharply decreases to a
point where it approaches the response from other strain
magnitudes (47°C 238°C). At this point, an abrupt change in the
tangent modulus occurs as it merges with responses obtained from
higher pre-strains (38°C 30°C). These three distinct phases can
be explained at a crystallographic level through phase specific
behaviour. The material is mainly Austenitic in the initial phase
between 50°C—>47°C as there is no discernible change in the
tangent modulus of the material. The sudden drop in the tangent

in the period between 47°C >38°C indicates the material is in a
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transitional phase consisting of an austenite and martensite
formulation. The final segment under cooling, 38°C ->30°C, at

which point the tangent modulus closely matches other tests, the

material assumes martensite-rich phase.

4.5 Digital Image Correlation

Load, Displacement and Temperature are measured by the MTS
test system throughout every four-point bend test. With these
three wvariables, it 1s possible to map NiTi behaviour at a
macroscopic level in the flexural deformation regime. However, to
identify the cause behind any given macroscopically observed
phenomena, it is necessary to delve deeper and analyse at a

granular level.

This study utilises optical in-situ techniques to capture
micrographs of the specimen edge during four-point flexural tests.
The micrographs are processed using Digital Image Correlation
analysis to obtain two-dimensional local displacement and strain
field maps. The analysis of such strain distributions can
potentially shed light towards corresponding global responses. It is
particularly informative in the case of NiTi due to its
inhomogeneous, complex behaviour, which promotes localised strain

concentrations.

Ncorr v1.2 is used for DIC image processing to obtain the
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displacement and strain fields from deformed micrographs. Ncorr
i1s an open source 2-D digital image correlation programme, which
sits within the MATLAB environment. Its DIC analysis algorithms
are based on the Reliability Guided DIC framework developed by
Pan [132], using circular and contiguous subsets. The RG-DIC
method eliminates repeating redundant calculations involved in
conventional Newton-Raphson algorithm-based DIC method. This
equates to computational times 120-200 times faster than of
traditional methods, without any loss of measurement accuracy

[133].

4.5.1 Digital Image Correlation Parameters

Ncorr produces 2-D axial strain field measurements of the specimen
edge as it is subjected to the constant strain temperature sweep
tests as presented in section 4.4. These tests consist of forward
and reverse temperature scan of -10°C Ar 2> +10°C Ar > -10°C Arat
a rate of 1 x 10’1 °CS'!, whilst the specimen is subjected to a fixed
global strain. During each temperature sweep test, 21 in-situ
optical micrographs are captured within static temperature holds

at 2°C intervals.

This study utilises 4 individual RG-DIC analysis sets, each
representing a different global strain value: 0.25%, 0.5%, 0.75% and
1% global strain. One RG-DIC analysis is comprised of 10

micrographs, a reference image captured at zero strain, followed by
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9 deformed micrographs captured at 4°C temperature intervals
within the temperature sweep 32 °C = 48 °C > 32 °C (-8°C A¢ >
+8°C Ar > -8°C Ap).

The micrographs are cropped to ensure the horizontal and vertical
centrelines of the NiTi plate cross at the centre of each micrograph,
and further cropped to compensate for plate movement due to the
changes in temperature. This results in an analysed region of
interest with dimensions of 0.9mmx0.5mm; 90% of the size of the
original micrograph. The processed micrographs have a resolution

of 3,456x1,944 pixels and a pixel resolution of 14.7ppum?2.

For the forward RG-DIC analysis, a subset radius of 25pixels and a
subset spacing of 1 was chosen. This was the smallest subset that
did not result in noisy displacement data, whilst still providing
sharp displacement and strain fields and being computationally
efficient. Multithreading was enabled utilising 8 logical cores in
the system to further speed computational time. The correlation
coefficient cut-off which formats displacements to remove erroneous
data points was set to default and a strain radius of 15pixels was
selected. These settings were uniformly applied across all global

strain magnitude DIC sets.

4.5.2 Digital Image Correlation Results

Previous studies that have been conducted in the area of in-situ
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DIC analysis of NiTi specimens have focused on strain field
analysis of NiTi under changes in load. This study attempts to
extend the understanding of NiTi behaviour by tracking strain
distribution under changes of temperature whilst maintaining a
fixed global strain. This evaluated criteria 1is particularly
significant in the field of actuation as it shows the changes in

strain distribution as a result of the shape memory effect.

These prior DIC enabled studies can shed light towards what
phenomena to expect, and how they would likely manifest in the
strain field maps. One key criteria to evaluate is the location of
the neutral strain axis where there is zero axial strain. In
conventional materials that demonstrate a homogeneous response,
the neutral axis runs through the centroid of the cross section.
However, deviations to the neutral axis location can be triggered by
asymmetry in the tension-compression response and further
exaggerated due to phase transformations. Such phenomena would
affirm that NiTi does not follow classical Euler-Bernoulli beam
theory, which assumes that plane sections remain plane and normal
to the longitudinal axis. The results may instead reveal

localisations, which are present only in certain conditions.

The RG-DIC produced data sets are presented in Figures 4.17, 4.18,
4.19 and 4.20; representing global strain magnitudes of 0.25%,
0.5%, 0.75% and 1% respectively. FEach figure is formed of 9
deformed micrographs captured at predetermined temperature

values, with the strain field maps superimposed.
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FIGURE 4.17: In-situ DIC strain distribution superimposed
onto deformed micrographs from temperature sweep at a global
strain magnitude of 0.25%. Heating cycle (a) 32°C, (b) 36°C, (c)
40°C, (d) 44 °C, (e) 48 °C, and cooling cycle (f) 44 °C, (g) 40 °C, (h)
36 °C and (i) 32 °C.
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FIGURE 4.18: In-situ DIC strain distribution superimposed
onto deformed micrographs from temperature sweep at a global
strain magnitude of 0.5%. Heating cycle (a) 32°C, (b) 36°C, (c) 40
°C, (d) 44 °C, (e) 48 °C, and cooling cycle (f) 44 °C, (g) 40 °C, (h) 36
°C and (i) 32 °C.
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FIGURE 4.19: In-situ DIC strain distribution superimposed
onto deformed micrographs from temperature sweep at a global
strain magnitude of 0.75%. Heating cycle (a) 32°C, (b) 36°C, (c)
40°C, (d) 44 °C, (e) 48 °C, and cooling cycle (f) 44 °C, (g) 40 °C, (h)
36 °C and (i) 32 °C.
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FIGURE 4.20: In-situ DIC strain distribution superimposed
onto deformed micrographs from temperature sweep at a global
strain magnitude of 1%. Heating cycle (a) 32°C, (b) 36 °C, (c) 40
°C, (d) 44 °C, (e) 48 °C, and cooling cycle (f) 44 °C, (g) 40 °C, (h) 36
°C and (i) 32 °C.

The DIC processed strain field maps reveal strain profiles that are
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characteristic of flexural deformation: tensile strains on the
outermost (top) layer and compressive strains on the innermost
(bottom) layer. Beyond this common trait, several distinguishing
characteristics can be identified that differ from that of
homogenous materials subjected to flexural deformation. There is
one erroneous occurrence visible on some strain field maps due to a
speck of dust on the camera lens (situated at the bottom centre).

This can be ignored.

The most noticeable phenomenon is the localisation of axial tensile
strain recorded towards the top left corner on many of the strain
field maps. This 1is likely related to the diagonal “band”
deformation pattern observed under tensile loads by Reedlunn et al
[80] in their full field macroscopic DIC analysis. Thus, the
triangular strain concentration witnessed may be an edge or tip of
one of these band formations (this micro-scale analysis only focuses
on 50% of the thickness of the specimen edge). The strain field
maps indicate that this occurrence is largely independent of strain
magnitude. On the other hand, temperature and temperature
loading history are likely triggers for this behaviour. It is most
pronounced at the beginning of the reverse temperature scan
(heating cycle) and decays with increasing temperature. At
temperatures over 44C substantial strain localisations are no
longer visible. On the forward temperature scan (cooling cycle),
tensile strain localisations are first noticeable on strain field maps
at 36C. These localisations grow in size with decreasing

temperatures. A clear pattern can be made in relation to this
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occurrence and the parent phase at the temperature. Tensile
deformation in band formations is preferred by NiTi in martensite
form. On instances where phase variant mix is predominately

austenite, a more homogenous deformation pattern is observed.

The neutral axis of the specimen shifts from the classical euler-
beumer theory assumed central location with the application of
flexural deformation. The point of zero strain lies approximately
between 100 to 250 microns below the cross sectional centre on the
strain field maps. This deviation 1is a by-product of the
differentiating behaviours of NiTi under tension and compression.
Moreover, this suggests that compression has a marginally higher
stiffness modulus to that of tension. Another contributing factor to
this asymmetrical response could be that the localisations observed
in tension, accelerate tensile deformation. There is no discernible
changes to the neutral axis location across the strain field maps,
indicating that this behaviour occurs independently of strain

magnitude or temperature changes.

Plietsch et al [135] in their study of asymmetrical behaviour in
NiTi, report compressive transformation strains that were 50% of
the magnitude of the corresponding strains under tension. The
study terms this asymmetrical response phenomenon as the
Strength Differential Effect (SDE). A similar study conducted by
Orgeas et al [136], hypothesise that this behaviour is an intrinsic
property of the stress induced martensite transformation. Liu et al
[134] support this theory in their study of NiTi microstructure

using TEM. They report dislocation mechanisms are dominant in
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compression, while tension deformation commences with the

detwinning of Martensite variants.

The step change in global strain magnitude incurs changes to the
strain distribution. Strain field maps at the lowest global strain
(0.25%) reveal that localisations occur at a granular level. As
strains are enclosed within grain boundaries, they are largely
unaffected by neighbouring grains. This results in many instances
where both compressive and tensile strains often fall on the same
axial plane. At the test’s maximum strain value (1%), grain
specific strain localisation is significantly reduced. Neighbouring
grains on the same axial plane often share the same strain
magnitude. This implies that as strain magnitude is increased,
strain  distributions that are initially controlled at a
microstructural level, shift to a more homogeneic macroscopic

distribution pattern.
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CHAPTER 5

FEM: MODELLING AND
ANALYSIS

5.1 Introduction

The Finite Element Method (FEM) is a computer simulation
technique widely wused by engineers and scientists to
mathematically model and numerically solve very complex
structural, fluid, and multi-physics problems. In the FEM, the
shape of the design is modelled by a set of appropriate finite
elements interconnected at points called nodes. These elements
contain the material and structural properties that define the

model behavioural characteristics.

This chapter presents the conceptualisation, development and
analysis of the NiTi SMA plate derived VSV Actuator system. This
is accomplished in a completely virtual environment via FEM
driven modelling and analysis techniques, eliminating the need for
any physical prototyping or testing. The initial step in this process
was the exploration of modelling approaches in the literature
review (Section 2.4), which identified that internal variable driven
modelling techniques are the most suitable for this application.

This chapter begins with a through analysis of the chosen
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modelling approach — the Auriccio Model for Superelasticity and
Plasticity of Shape Memory Alloys (Section 5.2). The next section
is dedicated to the Verification and Validation of the ABAQUS SMA
model against data obtained from the experimental study (5.3).
After this is satisfied, FEM is utilised to demonstrate the design
and operation of two actuator concepts, each exploiting differing
strain recovery mechanisms (Section 5.4). This follows a
comparative study that explores the pros and cons of each approach
(Section 5.5). These efforts culminate at the presentation of the

NiTi SMA derived VSV concept (Section 5.6).

5.2 Auruccio Model for Superelasticity and
Plasticity of Shape Memory Alloys

The Finite Element Modelling and Analysis software suite ABAQUS
(Dassault Systémes, Providence, RI, USA) incorporates user
defined material subroutine libraries that replicate SMA
superelastic and plastic behaviour. The underlying algorithms,
which this is built upon, were proposed by Auricchio and Taylor,
1997 [93], Aurichio, Taylor and Lubliner, 1997 [94] with extensive
extensions by Rebelo, Walker and Foadian, 2001 [95]. Gong and
Pelton, 2002 [96], Rebelo et al, 2000 [97] and Rebelo et al, 2003 [98]
all commend this approach for its aptness at simulating the
mechanical response and aiding development, fabrication and

deployment of SMA-led devices.

The constitutive model describes material response through a
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linear elastic component and a stress-induced transformation
component. As the transformation component follows generalised
plasticity theory, the resulting strain increment can be derived
from a plastic potential [16-17]. The ABAQUS implementation
allows for various material and control parameters to Dbe
established. One of such is the employment of temperature
dependent transformation stress surfaces for tensile and
compressive loading to determine the occurrence of forward and
reverse martensitic phase transformation. The elastic properties
for Austenitic and martensitic states can also be defined. The

model responds to either mechanical or thermal loading.

A “NAME” parameter starting with “ABQ_SUPER_ELASTIC_N3D*“
in the material properties Dialog-box activates this material library
within ABAQUS for 3-dimensional problems. The Superelastic-
Plastic model necessitates the selection of 31 “DEPVAR” and 15 +
2NP “CONSTANTS”. The material parameters that define the SMA
behaviour are detailed in Table 5.1. As the Model operates through
a logical process, it will unquestioningly process erroneous material
data (input) to produce an undesired Model response (output)
(Garbage in — Garbage out Philosophy). Therefore, the quality of

the material parameters is paramount.

This study utilises values from stress-strain data obtained in the
experimental study as a baseline for the forthcoming
verification/validation study. The stress induced onset of
austenitic and martensitic phases, their respective Young’s

Modulus, and the transformation strain magnitudes at which
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phase transformations occur are imported from the results from
the constant temperature tests. The changes in transformation
stress due to changes in temperature are imported from results
from the constant strain tests. The Poisson’s ratio is imported
from previous studies with a parallel set of specimens. Plasticity
behaviour past the strain plateau i1s omitted, due to these
extremities not been explored under actuation. As the flexural
tests captured a combined compression-tension macro scale
response, there is no specific data for the deformation regimes
individually. As a result, the compression and tension
parameters are mirrored, representing a simplified behaviour
under the assumption that there is symmetry between their

responses.

These parameters are input into ABAQUS to derive the
Transformation stresses and strains. The resulting Stress-Strain
and Stress-Temperature graphs that characterise the material

response are depicted in Figure 5.1 and 5.2.

Using this framework, a typical mechanical loading sequence can

be deconstructed as follows:

(1) Austenitic loading: Onset of loading 2 o¢;,. The material has
an Elastic Moduli of E,.

(2) martensitic loading: o3 > of. Corresponding strains E, * o,
> ((Ey* of)+ €& . This section is characterised by a Stress
Plateau.

(3) Plastic Deformation: Defined through stress strain pairs

P P
01, €1 -« Onp,» Enp-
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(4) martensitic unloading: of 2 ¢5,. The material has an Elastic
Moduli of E,,.

(5) martensitic unloading plateau: o5, = of. Corresponding
strains (Ey * 0f) + X > E, * of;.

(6) Austenitic unloading: ¢f, = 00. The material has an Elastic

Moduli of E,.

Table 5.1: Material parameters to describe SMA response

P Density (tonne/mm3) 6.5 x10°9

To Reference temperature 25
(50) Change in transformation stress /|5

5t/ change in temperature during loading

E, Austenite elasticity (Mpa) 50000

v, Austenite Poisson’s Ratio 0.3

Ey Martensite elasticity (Mpa) 50000

Vy Martensite Poisson’s ratio 0.3

et Transformation strain 0.1

o3, Start of transformation loading (Mpa) 100

ol End of transformation loading (Mpa) 1100

Np Number of Stress-Strain pairs to |0

define yield curve

oY, & ... Ofp,eyp| Stress-Strain points in the yield curve |N/A

(50) Change in transformation stress/ |5
ot/ y change in temperature during
unloading
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oy Start of transformation unloading |0
(Mpa)
ok, End of transformation unloading (Mpa) | 0
og, Start of transformation stress during | 100
loading in Compression (Mpa)
&k Volumetric transformation strain 0.1
A
(0]
ONps Enp
°
0.1P’ <c—‘1
®
) UtEL
a5, e
S
Oty
aty
°
A A
8 L
L
< h
- C

S
® 0.

Figure 5.1 Theoretical interpretation of NiTi Stress-Strain

response
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Figure 5.2 Theoretical interpretation of NiTi Stress-
Temperature response

5.3 FEM Verification and Validation

Theoretically, the FEM model, once input with material parameters
from the experimental study, should exhibit comparable behaviour
to real world structure and environment. To ensure this is
satisfied, the model i1s subjected to steps of verification and
validation. Verification involves a mechanistic set of checks on the
FEA model, which determine whether it accurately represents the

underlying mathematical model and its solution. Validation on the

KASUN WICKRAMASINGHE — JUNE 2016 134

v



CHAPTER 5- FEM: MODELLING AND ANALYSIS A SMART SOLUTION

other hand quantifies the accuracy of the FEM model by comparing
numerical solutions to the experimental data. Table 5.2
summarises the various questions posed through Verification and

Validation.

Table 5.2: Verification and Validation gauges

Verification Validation
Does it work? Does it do what it is supposed to
do?
Are the mathematics Are the physics correct?
correct?
Does it provide an accurate | Does FEA data compare favourably
FE analysis? against experimental data?

5.3.1 Overview of FEM model

The aim of this FEM model is to recreate the four-point flexural
tests presented in the experimental study. The bearings that
form the flexural test fixture are represented in
ABAQUS/explicit by four simple cylinders meshed with C3D8R
3D Stress elements and assigned with aluminium material
properties for elastic-only deformation (Table 5.3). The NiTi
plate 1s assigned with parameters enabling the ABAQUS user
material subroutine for Shape memory alloys (See section 5.2),
and meshed with C3D8T Coupled-Temperature-Displacement

elements.
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The NiTi plate mesh is specified with a thickness of 3 elements
(in the Y-Plane) to capture compressive and tensile stresses and
strains in the outer, inner and neutral planes. While all the
parts are created under a three-dimensional space, they are
limited to 1 element in the Z-plane and constrained with Z-axis
symmetry to optimise computational resources. Other boundary
conditions enforced include Pinned for the lower bearings that
restrict any movement or deformation, X-Axis Symmetry that
ensures movement is constrained to the vertical plane, Y-Axis
Displacement Vector for the upper bearings that controls
displacement, and Temperature for the NiTi plate that
simulates the effect of the temperature chamber. A Penalty
type surface interaction is specified with a Coefficient of
Friction of 0.1 to dampen any instabilities in the Model
response. The Vertical Reaction Force at each of the two lower
bearings is recorded, replicating the measurement at the load
cell in the experimental study. The meshed Model Assembly is

illustrated in Figure 5.3.

Table 5.3: Material Properties assigned for four-point flexure

bearings.
Material Density Young’s Modulus Poisson’s
Name Tonne/mm3 M ratio
pa
Aluminium 2.8 x 109 71,700 0.33
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NiTi Plate b

Upper Bearings

Lower Bearings

Figure 5.3: ABAQUS Model Assembly replicating four-point
flexural test fixture

5.3.2 FEM study

A similar test schedule to the experimental study is employed with
an aim of replicating the observed phenomena. Consequently, the
model is run under the same three key experimental approaches:
(1) Thermo-mechanical cycling, (2) constant strain temperature

sweep and (3) constant temperature strain sweep.

Observed variables through ABAQUS include: (1) reaction force at the
lower bearings, (2) displacement at upper bearings and (3)
temperature inside environmental chamber. For the purposes of this
comparative study, the output data is processed into the same
formats as in the experimental study — the macro stress and strain

values are calculated using the reaction force and displacement data.

5.3.2.1 FEM: thermo-mechanical cycling

The first FEM study is a replication of the thermo-mechanical
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study in section 4.2. The test parameters employed for this FEM
study are presented in Table 5.4. Maximum strain increment 1is
limited to 1% (the experimental study maximum strain increment is

2%).

Table 5.4: Experimental variables employed for thermo-
mechanical cycling FEM study

Test Type Strain Strain Temperature | Temperatur
Min->Max ramp Min/Max e ramp rate
rate
Thermo- 0%>1% (10 1x 104g1 Rt N/A
mechanical cycles, 0.1%
cycling increment)

The stress strain results from the FEM thermo-mechanical cycling
test are depicted in Figure 5.4, with the corresponding
experimental data depicted on Figure 4.3. The response obtained
successfully captures the characteristic behaviour of SMAs. The
stress-strain curve can be described by an initial elastic phase,
followed by a stress plateau as it is subjected to mechanical
loading. Unloading is characterised by a steeper stress-strain
curve ending with a strain residual at zero stress. As this utilises
global (macro) stress and strain calculations, the response is
somewhat different to the theoretical model response (Figure 5.1),
which illustrates the same variants at a local (micro) level. One
particular occurrence in the FEM stress strain data is a “wobble”

characterising the response. This 1s a result of the step
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increment value selected in ABAQUS that decreases job
computational times. It is not believed that this has any

repercussions beyond the small “wobble” observed.

ouo FEM STRESS/STRAIN
450
400
350
;@ 300
=]
o
o 250
wn
[€a)
£ 200
wn
150
100
50
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
STRAIN, ¢ (%)
——FEM 1 ——FEM 2 FEM 3 FEM 4 ——TFEM 5
——TFEM 6 ——TFEM 7 ——FEM 8 ——TFEM 9 ——TFEM 10

Figure 5.4: FEM response under thermo-mechanical cycling

Table 5.5 indicates values for stress obtained from the parallel
FEM and Experimental thermo-mechanical cycling studies at
specified strain magnitudes under loading, and the calculated

comparative percentage error. These values indicate that there is
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good agreement between the two studies with differences ranging

between -8.9% > +13.8%, with a median of +2.44%.

Table 5.5: FEM vs. Experimental results: Stress values under
mechanical loading

Strain %

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FEM | 66.8 | 147.9 | 214.5 | 305 340.4 | 370.7 | 395 403 410 416

EXP | 73.4 | 146.4 | 198.2 | 279.9 | 298.9 | 347.1 | 380.3 [ 401.6 [ 413.7 | 429

%YER -89 |+1.0 |+8.2 |[+8.9 |+13.8|+6.7 [+3.8 [+0.3 |-0.9 -3.0

One area the model is unable to compute is the stress or thermal
conditioning effects that SMAs typically undergo — signified by the
sudden shift of material response after the 17th cycle in the
experimental study (Figures 4.1 to 4.1 in section 4.2). Instead, the
model 1s apt at describing behaviour of an already conditioned
specimen, which outputs a stable response over a thermal or

mechanical cycling environment.

5.3.2.2 FEM: Constant strain temperature sweep

The second FEM study is dedicated to the evaluation of NiTi
behaviour as it is subjected to constant strain temperature sweep

type tests. The parameters employed for the model are depicted in
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table 5.6. This corresponds to the parallel study conducted

experimentally in section 4.4.

Table 5.6: Experimental variables employed for constant
strain temperature sweep FEM study

Test Type Strain Strain | Temperature Temperature
Min->Max | ramp Min/Max ramp rate
rate

Constant Strain | 0%>1% (6 N/A Rt ©>+25°C, 1x 101 °Cs?

Temperature increments) +95°C>Rt

sweep

(Sweep)
700

FEM RECOVERY STRESS/TEMPERATURE

600 (FORWARD)
=
= 500
-
N
& 400
[a'ef
IS
300
Z
=
2 200
@]
=
~ 100
0
0 5 10 15 20 25
TEMPERATURE, RT+ (C)
0.1% 0.2% 0.3% 0.4% 0.5% 1%

Figure 5.5: FEM Recovery Stress as a function of Temperature for
the forward temperature scan of Rt2>+25°C at different strain

magnitudes

KASUN WICKRAMASINGHE — JUNE 2016 141



CHAPTER 5- FEM: MODELLING AND ANALYSIS A SMART SOLUTION

FEM RECOVERY STRESS/TEMPERATURE
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Figure 5.6° FEM Recovery Stress as a function of Temperature for

the reverse temperature scan of +25°C2>Rt at different strain

magnitudes

The results from the temperature sweep study are depicted in
Figure 5.5 and Figure 5.6, tracking the changes in recovery stress
through a heating and cooling cycles respectively. The parallel
experimentally obtained data is depicted in Figure 4.13 and Figure
4.14. This study highlights the impact of changes in temperature
to the model response over an array of fixed strain magnitudes. At
lower strain values which represent an elastic only deformation —
0.1%, 0.2%, 0.3% - there are negligible changes observed in the
recovery stress in either the forward or reverse temperature

sweeps. Responses with strain magnitudes past this point
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demonstrate an increase in recovery stress with increases in
temperature. A correlation can be drawn between this gradient -
change in recovery stress/change in temperature — to the amount of
de-twinning present at any given strain magnitude — the larger
strain magnitudes produce responses with steeper dg/dt gradients.
Moreover, this onset of increase in do/dt occurs at a lower

temperature point with higher strain magnitudes.

The reverse temperature sweep demonstrates a different response
characteristic. Most noticeably, the change in do/dt occurs at a
much lower temperature point compared to the same occurrence in
the forward temperature scan. This hysteresis can be credited to
the difference between the Forward (M) and Reverse (A
transformation temperatures. As a result, the values obtained for
Recovery Stress vary in accordance to their temperature loading
history — values obtained with a forward temperature sweep are
generally lower than parallel values obtained through a reverse

temperature sweep.

This general behaviour compares favourably with the response
observed through the parallel experimental study, as depicted in
Table 5.7, which compares values for recovery stress between the two
studies for tests conducted with a strain magnitude of 1%. For the
purposes of this comparison, the FEM temperature of reference
temperature corresponds to an experimental temperature of 25°C.
The model struggles with values close to the reference temperature,
due to its inability to vary do/dt significantly. As a result, the model

is unable to simulate the spike in this value that occurs with the
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forward and reverse martensitic transformation as detected in the
experimental study. With higher temperatures, the FEM and
experimental values converge, with the FEM data showing

excellent correlation in the materials parent austenitic phase.

Table 5.7: Comparison of recovery stresses between FEM and
experimental results under a static strain of 1%.

Recovery Stress (Mpa)
Temperature (°C)

FEM EXP %ER

Rt+10°C, 35°C 438.9 3563.1 -24.2

T Rt + 15°C, 40°C 500.5 446.9 -11.9
:gz' Rt+20°C, 45°C 571.2 593.2 +3.7
Rt+25°C, 50°C 677.3 657.2 -3.0

Rt+25°C, 50°C 688.2 696.1 +2.0

Q Rt+20°C, 45°C 681.7 621.1 -7.1
;: Rt + 15°C, 40°C 665.2 538.4 -16.5
Rt+10°C, 35°C 627.5 449.4 -18.0

5.3.2.3 FEM: Constant temperature strain sweep

The final FEM study is dedicated to the evaluation of NiTi behavior
as it is subjected to constant temperature strain sweep type tests.
The parameters employed for the model are depicted in table 5.8.
This corresponds to the parallel study conducted experimentally in

section 4.3.

KAsUN WICKRAMASINGHE —JUNE 2016 144



CHAPTER 5- FEM: MODELLING AND ANALYSIS A SMART SOLUTION

Table 5.6: Experimental variables employed for constant
temperature strain sweep FEM study

Test Type Strain Strain | Temperature Temperature
Min>Max | ramp Min/Max ramp rate
rate
Constant 0%=>1%, 1x10° Rt >+40°C N/A
temperature 1%>0% 471 (8 increments)
strain sweep (Sweep)
600 FEM STRESS/STRAIN (FORWARD)
500

400
3
[a W
=)
o
5 300
n
=
o'
E
n
200
100
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
STRAIN(%)
Rt + 40C Rt + 20C Rt + 10C Rt + 8C
——Rt+6C RT + 4C —RT +2C ——RT

Figure 5.7 Stress-Strain curves obtained with loading rate of
102s! at different temperature magnitudes
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—Rt+6C —RT + 4C —RT + 2C —RT

Figure 5.8 Stress-Strain curves obtained with loading rate of
102s! at different temperature magnitudes

The results from the strain sweep study are depicted in Figure 5.7
and Figure 5.8. They highlight the impact of mechanical loading to
the model response over an array of fixed temperatures. The same
parameters were tested experimentally in section 4.2 and produced

the results depicted in Figure 4.6.

During the loading period, the model outputs an identical response
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up to a strain magnitude of 0.47% irrespective of the temperature
condition. This point signifies the end of the elastic region in the
material response at reference temperature. Further mechanical
loading at this temperature condition results in drop in do/de - the
de-twinning period. The onset of this point is dependent on
temperature, with this occurrence in the higher temperature runs
of Rt+20°C and RRt+40°C not falling within the test strain
envelope. The mechanical unloading characteristics are also
dictated by the temperature condition the test is run at. While
do/de 1s similar across the temperature range, the lower stress
value at the onset of unloading at lower temperatures (<Rt+10°C)

result in a strain residual at zero stress.

One response characteristic that 1is not present 1in the
loading/unloading sequence through FEM is the variance in the
Tangent modulus from the onset of mechanical loading as exhibited
in the parallel experimental study. Replication of this behaviour
through FEM entails the start of transformation loading to occur
simultaneously with the start of loading — which results in an
unstable material response. Instead, to match this response as
closely as possible, a low value of 100N is selected for this material

parameter.

5.4 FEM Concepts

As the comparative study has determined the capability of the FEM

model to provide an accurate map of SMA behaviour, the
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subsequent step 1s using these fundamentals towards the
development of SMA-based concepts. This section is dedicated to
the presentation of the design and operative aspects of two FEM
derived SMA based actuators that exploit contrasting deformation
application/recovery philosophies: (Section 5.4.1) one-dimensional
tension based and (Section 5.4.2) two-dimensional flexure based

SMA-Actuators.

The common aim of the actuator concepts is to replicate the
behaviour of a gas turbine engine Variable Stator Vane. This
entails satisfying the operational requirement of providing an
adequate angular displacement to redirect airflow as necessitated
by the gas turbine engine. The two SMA based actuators employ an
opposing actuator philosophy that provides faster de-activation
periods and offers multiple degrees of tip-deflection. The non-NiTi
sections of the concept structures demands a material outputting a
highly elastic response characteristic (so it can withstand high
strain mechanical load cycling - similar to superelastic SMA) and
demonstrate a low rigidity at the same time (so it does not
adversely affect actuator performance). Silicone-rubber is chosen
for this purpose as it meets these requirements and brings
additional benefits through its high chemical and thermal stability,
and its ability to operate at elevated temperatures without damage.
Table 5.7 specifies the material parameters employed in ABAQUS

to simulate Silicone-Rubber behaviour.
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Table 5.7: Material Properties assigned for non-NiTi structure

in Actuator Concepts.

Material Name Density Young’s Modulus Poisson’s ratio
(Tonne/mm3) (Mpa)
Silicone-Rubber 1.1 x10° 1,500 0.47

Similar to previous FEM models, this study employs several
measures to optimise computational resources: (1) Z-axis symmetry
is applied as a boundary condition constraint, (2) all model parts
are Imm thick in the Z-plane (3) all non-NiTi model parts are
meshed to an element size of 1mm3, (the NiTi plates are meshed
with a thickness of three elements in the Y-plane) and (4) the
central plane in the Y-axis has a Pinned boundary condition

constraint applied.

A temperature type boundary condition controls individual
activation/deactivation of each NiTi plate. The models are specified
with two types of contact properties in the ABAQUS interaction
module: (1) A penalty type tangential behaviour with a frictional
coefficient of 0.3 which is applied as a global model behaviour, and
(2) Normal behaviour that restricts separation after contact, is
applied to the surfaces of the attachment points. The NiTi plates

in each system measure 30mm x Imm x 1mm.
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5.4.1 Pull: Tension based SMA actuator

The concept, as illustrated on Figure 5.9, is based on a one-
dimensional deformation application/recovery system. It consists of
two linear actuators (NiTi Plates -green), which are pre-strained in
the X-plane and attached to the silicone-rubber central structure

(red) at opposing sides.

Central . R
) N o Linear NiTi B
Linear N1T1 Silicone- ;
Plate Actuator Rubber Plate Actuator

Figure 5.9: ABAQUS model assembly replicating one-
dimensional Actuator Concept (before application of pre-strain)

The actuation mechanism can be described as follows. As the NiTi
plate is thermally activated at its austenitic phase, it is shortened
as strain is recovered. This creates a difference in lengths between
the activated and strain limited non-activated side. To counteract
this unbalanced environment, the whole structure bends, with the
activated NiTi plate occupying the inner radii. The de-activated
NiTi plate, which is at the onset of its stress plateau due to pre-

straining, yields to become the outer radii of the structure. This
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actuation mechanism forms the principles for many artificial

muscle-type actuators.

5.4.2 Push: Flexure based SMA actuator

This concept, as illustrated on Figure 5.10, is based on a two-
dimensional deformation application/recovery system. It consists of
two flexural actuators (NiTi plates), which are pre-strained in the
X-plane and Y-planes (through squashing the NiTi plates together)
and attached to the silicone-rubber central structure at opposing

sides.

Flexural NiTi Flexural NiTi

Plate Actuator Plate Actuator

Central
Silicone-
Rubber
Structure

Figure 5§.10: ABAQUS model assembly replicating two-
dimensional Actuator Concept (before application of pre-strain)
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In comparison to the Tension based solution, this employs a much
simpler actuation mechanism. Strain recovery occurs as the NiTi
plate is thermally activated at its Austenitic phase. The high
stiffness modulus of the parent phase overwhelms and forces the
remaining parts in the structure — consisting of the lower stiffness
Silicone-Rubber central structure and deactivated NiTi plate on the
opposing side which is in its martensitic phase and at the onset of
its stress plateau due to pre-straining - to adapt a similar shape to

the activated NiTi plate.

5.5 FEM Analysis of SMA Concepts

The advantages of using FEM techniques in conceptualisation and
consequent evaluation tasks has been highlighted in previous
sections. This comparative study utilises FEM to locate, report and
evaluate the operational merits and drawbacks of the two VSV

actuator concepts presented in Section 5.4.

Response characteristics of the actuator concepts are evaluated in
three significant operating states: (1) The neutral state - Section
5.5.1, (2) The activated state - Section 5.5.2, (3) The deactivated
state - Section 5.5.3. The relative performance of the actuators are
comparatively analysed through the tracking of: (1) Temperature
Vs. Deflection response - Section 5.5.4, and (2) Strain vs. Deflection

response - (Section 5.5.5).
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Observable parameters include outputs specific to the SMA UMAT:
(1) Strain: SDV24 (Equivalent uniaxial tensile total strain), (2)
Stress: SDV22 (Equivalent uniaxial tensile stress), (3) Fraction of
martensite: SDV21, and general ABAQUS outputs: (4)

Temperature: TEMP, Deflection: U, MAGNITUDE.

5.5.1 The Neutral state

This section is dedicated to the comparative analysis of the two-
actuator concepts at their neutral states. This condition is met
following the application of pre-strain on the NiTi plate, and prior
to any temperature input. Figures 5.11 to 5.16 illustrate the
localised strain, stress and martensite fraction distribution at this

condition for the two concepts.
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Figure 5.11° ABAQUS representation of strain distribution of
one-dimensional Pull model at a neutral state
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Figure 5.12 ABAQUS representation of strain distribution of
two-dimensional Push model at a neutral state
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Figure 5.13: ABAQUS representation of stress distribution of
one-dimensional model Pull at a neutral state
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Figure 5.14: ABAQUS representation of stress distribution of
two-dimensional model Push at a neutral state
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Figure 5.15: ABAQUS representation of martensite fraction
distribution of one-dimensional Pull model at a neutral state
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Figure 5.16: ABAQUS representation of martensite Fraction
Distribution of two-dimensional Push model at a neutral state

The maximum magnitudes recorded for strain and stress at the
neutral state is quite comparable between the two concepts: an
average difference of only 3.96% 1s observed. However, the
adaption of distinct NiTi plate profiles and application of
contrasting methods of pre-strain result in vastly different
distributions for each of these parameters. This distribution of

Stress/Strain is overwhelmingly saturated towards the edges in
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the Pull concept (which is subject to tensile and compressive
forces as a result of flexure). The Push concept on the other hand,
through 1its use of a one-dimensional pre-strain application,
demonstrates a much more even Stress/Strain distribution — with
the exclusion of one dead spot in deformation, observed half-way
along the NiTi plate, due to this point being Pinned to the central

structure.

A pre-requisite of the neutral state is to provide a suitable
platform for subsequent activation. This entails retention of an
adequate pre-strain loading the NiTi plate towards the onset of
the strain plateau in its stress/strain material response curve.
Whether this has been successfully accomplished can be observed
through scanning the martensite fraction distributions, depicted
in figures 5.21 and 5.22. As the Pull model was superior in its
uniformity of pre-strain application, it is able to boast a broader
presence of martensite Fraction. The Push model, on the other
hand, has observable dead spots towards the ends of the NiTi

plates.

5.5.2 The Activated state

Following the neutral step, a thermal boundary condition is
specified on one NiTi plate, increasing its temperature from RT >

RT + 50°C. The activated state is reached upon the completion of
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this step. This section is dedicated to the comparative analysis of
the two-actuator concepts at this Activated state. Figures 5.17 to
5.22 1llustrate the localised Strain, Stress and martensite fraction

distribution at this condition for the two concepts.
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Figure 5.17° ABAQUS representation of Strain Distribution of

one-dimensional Pull model at Activated state
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Figure 5.18° ABAQUS representation of Strain Distribution of

two-dimensional Push model at Activated state
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Figure 5§.19: ABAQUS representation of Stress Distribution of

one-dimensional Pull model at Activated state
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Figure 5.20: ABAQUS representation of Stress Distribution of

two-dimensional Push model at Activated state
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Figure 5.21: ABAQUS representation of martensite Fraction

Distribution of one-dimensional Pull model at Activated state
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Figure 5.22: ABAQUS representation of martensite Fraction

distribution of two-dimensional Push model at Activated state

As suggested by the concept names, activation of the NiTi plate in
the Push and Pull concepts results in opposing directions of tip
deflection. This is a direct result of the differences between the

NiTi plate profiles and the pre-straining mechanisms.

At the activated state, the one-dimensional Pull concept is able to
boast a higher maximum strain value (28.15% higher) whilst
demonstrating a lower maximum stress value (19.80% lower). This
underlines the efficiency of the one-dimensional concept; it requires
less effort to drive the same amount of deformation in comparison to
the two-dimensional concept. The fraction of martensite present
demonstrates a similar outcome — the one-dimensional Pull model is
able to generate a larger degree of martensite transformation at the
non-activated plate (32.90% more than two-dimensional Push

model).

However, observing the distribution of Strain, Stress and
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martensite fraction of the one-dimensional model reveals a strong
localisation on the outer plane of the non-activated plate. A less
prominent concentration of the distribution is observed in the two-
dimensional concept, on the inner plane of the non-activated plate.
From a theoretical point of view, such localisation is detrimental to
the performance of an actuator from operational standpoint, as the
increased maximum stress/strain values decrease the lifespan and

cyclic consistency.

5.5.3 The De-activated state

The thermal boundary condition subsequently specifies a reduction
in the temperature of the Activated NiTi plate from RT + 50°C >
RT. The model has now reached its De-activated state. This
section is dedicated to the comparative analysis of the two-actuator
concepts at this De-activated state. Figures 5.23 to 5.28 illustrate
the localised Strain, Stress and martensite fraction distribution at

this condition for the two concepts.
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Figure 5.23° ABAQUS representation of Strain Distribution of

one-dimensional Pull model at De-activated state
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Figure 5.24° ABAQUS representation of Strain Distribution of

two-dimensional Push model at De-activated state
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Figure 5.25: ABAQUS representation of Stress Distribution of
one-dimensional Pull model at De-activated state
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Figure 5§.26: ABAQUS representation of Stress Distribution of

two-dimensional Push model at De-activated state
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Figure 5.27°: ABAQUS representation of martensite Fraction

Distribution of one-dimensional Pull model at De-activated state
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Figure 5.28: ABAQUS representation of martensite Fraction
distribution of two-dimensional Push model at De-activated state

The core requirement of the de-activated state is to recover
deformations generated through previous thermal loading. While
the temperature is identical to that of the neutral state, there are
observable differences between the Strain, Stress and martensite
fraction magnitudes and distributions for both concepts. This

occurrence can be attributed to the thermal and mechanical loading
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subjected to the NiTi plate in prior steps: SMAs are very sensitive
to occurrences of such load-history. This has manifested as an
increase in peak strain (Pull: 12.07%, Push: 1.74%), an increase in
peak stress (Pull: 7.46%, Push: 1.33%), and an increase in peak
martensite fraction (Pull: 15.80%, Push: 1.94). The substantial
increase in these peak values in the one-dimensional Pull model, is
linked with the growth of a hotspot of deformation localisation at
the upper left-side edge of the bottom NiTi plate. Such
appearances of hotspots, particularly such early in the loading
cycling, can develop into inconsistencies of the material response in

subsequent cycles.

5.5.4 Temperature Vs. Deflection response

The actuation performance of each of the concepts can be assessed
through the magnitude of deflection they are able to develop upon
thermal activation. This response has been tracked in Figure 5.29
for the thermal Activation, and Figure 5.30 for the thermal de-
activation of each opposing actuator for the two concepts.
Deflection and Temperature values were obtained tracking the
ABAQUS outputs: U2 at the NiTi plate tip, and TEMP at the

activated plate.
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Deflection/Temperature for Thermal Activation
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Figure 5.29: Deflection/Temperature response of Pull Concept
(red) and Push Concept (blue) as a result of thermal activation.
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Figure 5.30° Deflection/Temperature response of Pull Concept
(red) and Push Concept (blue) as a result of thermal deactivation

KASUN WICKRAMASINGHE — JUNE 2016 164



CHAPTER 5- FEM: MODELLING AND ANALYSIS A SMART SOLUTION

The most evident observation is the Pull concepts ability to
generate a larger degree of tip deflection: (2.4mm as opposed to
2.0mm of the Push concept). This was an expected outcome, as
indicated in the previous study of the activated state, where this
concept demonstrated larger strain values. The two concepts
demonstrate a similar deflection/temperature gradient during
activation and de-activation. Due to the deflection magnitudes
being smaller on the Push concept, it is able to reach its fully

activated state sooner.

Moreover, the Push concept follows a non-linear response in the
initial stages of thermal input as it is activated. This can be
considered as a positive behavioural characteristic in the context of
an actuation application: the concept is capable of tolerating small
un-intentional temperature inputs without generating large
magnitudes of deflection. This characteristic is however not

observed through thermal de-activation.

5.5.5 Strain Vs. Deflection response

The actuation efficiency of each of the concepts can be assessed
through the magnitude of strain necessitated to achieve a target
deflection magnitude. This response has been tracked in Figure
5.31 and Figure 5.32 for the thermal activation of each opposing
actuator for the two concepts respectively. Deflection and strain
values are obtained by tracking the ABAQUS outputs U2 and NiTi
plate tip, and SDV24 at the centreline of the respective plate (SMA

UMAT specific output: Equivalent uniaxial tensile total strain).
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Deflection/Strain response of Pull Concept
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Figure 5.31: Deflection/Strain response of Pull as a result of
thermal activation
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Figure 5.32° Deflection/Strain response of Push Concept as a
result of thermal de-activation
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The two concepts demonstrate stark differences in their response
under the aforementioned criteria. At the neutral state, with zero
deflection, the Pull concept applies a pre-strain in the region of
3.6% compared to only 2.1% for the push concept. While this means
that more energy is stored on the Pull concept, this comes at the

expense of a higher strain envelope that limits operating life cycles.

As actuation is based on the fundamentals of the SME, the strain
recovery of the activated plate consequents in further deformation
of the neutral plane. Whilst this behaviour is quite linear in the
one-dimensional Pull concept, the two-dimensional push concept
suffers from a very unconventional deflection/strain relationship.
One consolation is, however, that the operating strain envelope of
the Push concept i1s much narrower, and generally lower in
magnitude in comparison to the Pull concept. The Push concept
operates at strains between 1.99% = 2.67% (a span of 0.68%),
whereas the corresponding values for the Pull concept are 2.07% >
5.34% (A span of 3.27%). Moreover, the Push model exhibits a
favourable behavioural characteristic in its deflection/temperature

response that could help in avoiding unintentional actuation.

5.6 Solid-state SMA Flexural Actuator Concept

The merits and drawbacks of a one-dimensional pull type actuator
and the newly devised two-dimensional push type actuator were
evaluated in the comparative study. It can be argued that while

both concepts demonstrated several favourable behavioural
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characteristics, neither emerged as a clearly superior solution. One
differentiating factor is the inherent simplicity of the two-
dimensional Push models implementation — theoretically requiring
no additional structure to induce actuation. Moreover, the Push
model’s utilisation of a flexural deformation mechanism aligns well

with the experimental study.

As a result of these key factors, the same conceptual philosophy
used in the push type actuator was adapted and further evolved
towards the creation of a viable VSV actuation system. The
resulting concept is presented in a pre-strained condition in Figure
5.33, and depicting an “exploded” view of the original NiTi plate
profiles in Figure 5.34.

Opposing plate set 3 : Opposing plate set 2 :

Opposing plate set1: 10mmx1mmx0.33mm 20mmx1mmx0.33mm

30mmx1mmx0.33mm

Solid state actuator utilizing 6 NiTi strips

Figure 5.33: Solid-State VSV actuator at prestrain condition
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Figure 5.34: Exploded view of Solid-State VSV actuator

The solution can be categorised as a solid-state actuator as it
contains no moving parts apart from the flexural actuators, which
are load-carrying elements that determine the profile of the system.
As a result, even faced with an actuator input failure event, the
system is able to serve a purpose. The concept is able to boast a
high specific performance, as it i1s energy dense with all parts
geared towards delivering actuation. It also possesses a high
damage tolerance, essential to any VSV application: it can
experience partial mechanical failure but still be able to function,

albeit at a reduced level.
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The system consists of 6 NiTi plates arranged in a 3-3 configuration
on opposing sides. The design incorporates plates of varying
lengths - 30mm, 20mm and 10mm - to offer a range of strain
recovery forces. Through the individual activation of the 6 NiTi
plates, the system is able to boast 64 different tip deflection levels

and morphing states.

The model was meshed in ABAQUS with an element size of
0.33mm?3. As with all other FEM work, the model was constrained
in the Z-axis and specified with a thickness of 1 element. The only
additional boundary condition specified is that of a Pinned type

through the centreline (Y direction).

Each actuation profile is activated through a specific thermal
condition. The thermal conditions TC1 to TC64 are depicted
through Figures 5.35 to 5.38. The left hand side of each diagram
represents the activated plates (marked red). The right hand side
shows the distribution of martensite fraction as a result of the

thermal condition.

Figure 5.39 depicts the tip deflection magnitudes recorded at the
inner, central and outer NiTi plate, for each of the transformation
configurations (TC1>TC64). The assertion that the concept is able
to provide a wide degree of morphing configurability is validated
through this study. In a practical-space, this flexibility means that
this system would be better suited to reacting to a gas turbine
engine operating requirement compared to a conventional,

hydraulically actuated VSV system.
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Figure 5.35: VSV actuator morphed states under thermal
conditions TC1->TC16 depicting LHS activated plates, RHS
martensitic fraction
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Figure 5.36: VSV actuator morphed states under thermal
conditions TC17->TC32 depicting LHS activated plates, RHS
martensitic fraction
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Figure 5.37: VSV actuator morphed states under thermal
conditions TC33->TC48 depicting LHS activated plates, RHS
martensitic fraction
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Figure 5.38: VSV actuator morphed states under thermal
conditions TC49->TC64 depicting LHS activated plates, RHS
martensitic fraction
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Tip Deflection Magnitudes
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Figure 5.39° Tip deflection magnitudes at inner NiTi plate tip
(red), Central NiTi plate tip (Blue) and Outer NiTi plate tip
(Green) for the 64 transformation configurations offered by the
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CHAPTER 6
DISCUSSION

6.1 Introduction to the chapter

The highly multidisciplinary nature of this study has resulted in
contributions in numerous areas. The purpose of this chapter is to
interpret and critically analyse these contributions and their
impact towards knowledge. The chapter is categorised into three
sections, each exploring a different research contribution type.
Section 6.2 explores methodological contributions made towards the
field of experimental studies involving Shape Memory Alloys.
Section 6.3 analyses the empirical research contributions that have
advanced theoretical knowledge on SMA behaviour. Section 6.4
assesses the artifact type contributions that are heavily interlinked
with the end application. This includes an analysis of

contributions through Computational Techniques and Findings.

6.2 Methodological contributions

The experimental study comprises of several novel methodological

approaches that have been adopted in the experimental set up, the
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testing strategy, and the specimen preparation. Previous
experimental studies that have explored NiTi SMA behaviour have
either lacked temperature control or optical in-situ integration.
This study shares many parallels with the DIC enabled micro-
macro study conducted by Brinson eta al [12]. This inspired some
of the methodological solutions adopted for this study, in
particularly the use of a interference filter to allow observation at a
granular level without the prerequisite of elaborate etching
treatments. This study is an extension of such work, as it strives
to provide a more complete map of NiTi behaviour utilising both
temperature control and in-situ optical analysis. Due to this
combination of data capture streams; the conception of the
experimental study was of paramount importance, requiring

numerous novel methodological solutions.

6.2.1 Experimental set up

One of the fundamental decisions was the use of 4-point flexural
fixture as the bender mechanism for the experimental study. This
choice was taken in spite of point-based bend fixtures being
theoretically problematic in NiTi studies due to the creation of
undesired axial loads at the support constraints. These stress
concentrations, if large enough, can lead to the premature
transformation to martensite near the bearings, and result in
inaccurate displacement measurements. As a result, past NiTi

studies have preferred the use of custom pure bending apparatus,
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which negate the superimposing of different types of loading on the
specimens or introduction of shear stresses. Some of the most
notable attempts at pure bending NiTi studies include work
conducted by Reizner et al. [15] and Redlunn et al [16] that employ
displacement controlled, custom pure bending fixtures. While these
studies demonstrate their successful implementation for the
analysis NiTi flexural behaviour, there are restrictions in the
practical aspects such as the integration with other apparatus.
This was one of the driving factors behind the implementation of a
4-point bender mechanism, as it provided with seamless integration
with the MTS loading frame, which together offered a large degree
of scope 1in test strain and temperature ranges and rates.
Moreover, some of the negative drawbacks associated with point-
bending fixtures were negated through several measures: (1) The
inhomogeneity of the material response necessitates the use of a
four-point fixture, which exposes the specimen to peak stresses
over an extended volume, compared to traditional three-point
layout which concentrates stresses over the central bearing, (2)
relatively small peak deformations in tests, (3) a flat contact
surface between specimen and bearings to reduce stress

concentrations, and (4) contact surfaces polished to reduce shear.

A unique solution adopted was the use of an inverted 4—point bend
fixture. This was employed to restrict movement of the specimen
centreline in the vertical axis during flexure. This in turn
permitted the use of a higher magnification magnitude focused onto

a smaller observable area. The optical camera had the capability to
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be operated remotely, whilst still placed within the temperature
chamber, and withstand the test temperatures. This experimental
set-up enabled the capture of in-situ optical micrographs, with a
degree of detail that permitted both DIC analysis and observation

of NiTi at a granular level.

Another stream of in-situ analysis that could have benefited this
study is the observation of the thermal signature. This could be
accomplished by using an Infrared camera, which can detect the
instantaneous local heating of the domains due to the released
latent heat during phase transformation. The synchronization of
both kinematic and thermal measurements would lead to a highly
attractive complete thermo-mechanical characterisation of phase
transformation behaviour. However, the integration of such a
technique alongside optical microscopy was logistically very
difficult (antagonist surface texture requirements, imaging devices

having different pixel and acquisition rates [85]). However, there

1s a novel technique developed by Maynadier et al. [85] —Infra-Red

Image Correlation—synchronizes kinematic and thermal
measurements and thus negates many of these drawbacks. This

could be explored in future studies.

6.2.2 Specimen preparation

The primary focus of this effort was to stabilise the highly non-

linear, loading history dependent behaviour of NiTi SMA. Heat
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treatment of the material was undertaken to reset any cold working
or damage the material had previously sustained. The annealing
conditions suggested in Saikrishna et al’s study of TMC effects [77]
were employed as they ensured a large grain size, benefiting the
optical in-situ investigation. To reduce the impact of TMC on
material response, the specimens were thermally cycled between
austenite and martensite phases in a water bath. Miyazaki et al
[78] have demonstrated that such cycling is paramount in the

stabilisation of the Mf and M temperatures.

The optical in-situ study observes the specimen edge to track
changes in variant microstructure and relates it to specimen
behaviour as a whole. For this to be accomplished, two criteria had
to be met: (1) a polished surface of the specimen edge that allowed
observation at a microstructural level, and (2) zero damage
imparted on the specimen edge so it is representative of the
specimen behaviour. As these can be conflicting requirements,
careful consideration was necessary in the conception of the
specimen preparation. In particular, steps such as the use of EDM
for the specimen cutting were implemented to negate damages to

the observed specimen edge.

6.2.3 Test strategy

The test schedule was conceived to analyse the behaviour of NiTi
plate flexural deformation under a magnitude of conditions:

thermo-cycling, constant strain temperature ramps, and constant
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temperature strain ramps. Each test condition was designed to
offer a unique perspective into the response of a NiTi plate
actuator. Such an actuator centric study of SMA is unique, as most
studies tackle SMA behaviour primarily on a theoretical level

without linking it with an end application.

Meticulous planning was necessitated to successfully implement
the testing schedule due to the nature of the material: previous
studies have reported on a continuous change in the functional

properties of the NiTi such as the transformation temperatures,

transformation hysteresis and strain response under thermo-
mechanical cycling [77].  As this study comprised of 132 tests,

which effectively subjected the 3 test specimens to thermo-
mechanical cycling throughout the study; the stability of the
material response was a concern. Several measures were taken to
dramatically reduce such effects, including careful thermal
preparation of the specimens, use of low peak deformation
magnitudes and careful workload management between the
specimens in the experimental tests. The option to completely
ignore thermo-mechanical cycling effects—employing a vast number
of specimens—was not explored as it does not truly reflect the
required characteristics of the NiTi plate actuator, a high cycle
element with uniformity of performance required throughout its life

cycle.

A major drawback in the experimental study, was the limitation of

the test temperature range to Ar-10°C > A¢+10°C. This range is
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restricted due to the lack of active cooling in the environmental
chamber, which prevents tests being undertaken below ambient
temperature and also the maximum operating temperature of the
digital camera, which prevents tests being undertaken over 50°C.
The temperature range should be sufficient to capture forward and
reverse transformation at most load levels. Nevertheless, the
integration of active cooling in future studies is a vital step, as it
would allow recreation of the extreme temperatures that would be

experienced by the NiTi plate actuator.

6.3 Empirical contributions

While the broader aim of the experimental study was the
evaluation of material behaviour under the possible operating
envelope of the NiTi plate actuator, it also assessed several NiTi
SMA behavioural aspects that have academically significant
implications. This section explores these contributions and their

impact towards the existing understanding of SMA behaviour.

6.3.1 A complete map of transformation behaviour

Phase transformations, temperatures and applied stresses are
closely intertwined where one affects the other. A complete map of
SMA behaviour thus requires both the study of the stress and

temperature induced phase transformation. However, due to the
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difficulty of integrating the aspect of temperature control with
loading frames, limited studies have attempted the analysis of both
phase transformation mechanisms. One study of note that studied
stress-strain response of SMA plate with variance in temperature is
Adharapurapu’s [135] evaluation of stress-strain response at quasi-
static and high loading conditions. While tests were conducted at
different specimen temperature conditions, it was restricted to
constant temperature tests, as there were no means of in-situ

temperature control.

This study on the other hand, through the use of the MTS
environmental chamber, is capable testing NiTi behaviour at a
range of temperature condition and temperature ramp rates. As a
consequence, this study can be regarded as the only study to date
that evaluates temperature and stress induced transformation
behaviour in the flexural deformation regime. These attributes
enabled this study to construct a complete phase diagram, showing
the effect of applied flexural deflection on the phase

transformations for the tested specimens.

6.3.2 Effects of loading rates

The constant temperature tests repeat every loading sequence at
three loading rates: 1x104s!, 1x103s! and 1x102s'l. Changes in
response were observed macroscopically between the quasi-static
and high strain rate tests. Quasi static loading conditions exhibited
characteristic NiTi behaviour, with the difference between the

forward and reverse martensitic phase transformations inducing a
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stress hysteresis loop. This effect was less obvious during dynamic
high-rate loading conditions, with loading and unloading response
being closely matched. This was attributed to the faster latent heat
release of the dynamic loading condition that carried latent heat
accumulation from the loading phase to the initial stages of the
unloading phase. The effect of latent heat generation on SMA
response, while minor during the experimental tests, can
significantly impact SMA actuator operation as it can promote

undesirable occurrences such as unintended actuation.

While the global behaviour of SMA response is largely unaffected by
changes in strain rate, there are more substantial changes to its
microstructure. Such a hypothesis was formed by Brinson et al. [81]
as they observed that in quasi-static loading conditions stress induced
martensite formed from a single band, while dynamic loading
conditions resulted in the presence of the formation in multiple
bands. To the author’s knowledge, the implications on loading rate for
bend tests using full-field in-situ methods such as DIC are largely
unexplored. However, integration of DIC to variable strain rate tests
requires a macro-level implementation, which does not permit
observation of localised behaviour at a granular level. As a result, in-

situ DIC in this study was limited to constant strain tests.

6.3.3 Relationships between macroscopic behaviour

and microstructural observations

A majority of SMA related experimental studies either focus on a
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micro or macro level approach. However, micromechanical studies
are often theoretical and not directly applicable to end applications
whereas macro level studies do not contain enough depth to explain
the observed phenomena. This study combines microstructural and
macroscopic analysis via in-situ optical investigation during
flexural deformation tests. The employment of both approaches
allowed relationships to be constructed, explaining material

behaviour in greater detail.

The bend tests that allow the simultaneous evaluation of the
material behaviour under both tensile and compressive deformation
modes provide valuable insight into the flexural response of NiTi
SMA. While classical Euler—Bernoulli bending kinematics assumes
a linear strain profile across the cross section, the heterogeneous
nature of the bending strain fields in NiTi result in a much more
complex strain profile. In their bend study, Reedlunn et al. [80]
report a significant shift of the neutral axis under bending.
Similarly, the strain field maps in this study indicate a shift of the
neutral axis towards tension. Through the use of NiTi plate
specimens, this study avoids the appearance of the Brazier effect, a
phenomena that could have affected Reedlun’s results. Moreover,
this study offers a richer understanding of the two deformation
modes as it uses broader testing conditions studying both stress

and temperature induced phase transformation.

In addition, this study was able to identify the granular level strain
localisation activity. This behaviour is particular evident under
tension, where NiTi 1s known to exhibit strain localization and

propagation during portions of stress induced transformations [82].
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Under flexural loading, however, the development of strain
localisations can be non-linear due to the presence of compressive
and tensile deformation modes in varying magnitudes through the
specimen thickness. In their study of Superelastic NiTi tube,
Reedlunn et al. highlight this effect, reporting on strain
localisations in tension and on the absence of strain localisations in
compression [80]. The DIC strain field maps gained from the
constant strain tests in this study, further establish this
phenomenon. In this study, such localisations in tension were only
present at certain temperatures, which coincided with the
specimen’s martensitic phase, while at specimen temperatures
above Af, there were no strain localisations patterns. This does not
translate to a hypothesis that these strain localisations bands are
limited to martensitic temperatures, as it can be argued that the
maximum tested strain magnitude of 1% is insufficient to introduce

a stress induced martensite fraction that promotes such behaviour.

5.5 Artifact contributions

The objective of this study was the creation of a viable alternative
utilising NiTi1 SMA’s, to replace the archaic, pneumatically driven
VSV system currently used in gas turbine engines. The design-
driven journey undertaken towards the realisation of the solid state
VSV actuator presented many challenges. The novel artifact type
solutions that address them advance the understanding of SMA

actuator design and gas turbine engine Actuator implementation.

One of the primary considerations in the design of a SMA actuator
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1s the establishing of its form and the mechanism of strain
recovery/application it will adopt for actuation. The earliest uses
of SMA have been in the form of 1-dimensional NiTi wire, which
form linear actuators of considerable complexity to induce
morphing behaviour. The SAMPSON F-15 inlet cowl is an example
of such implementation, using SMA bundle containing 34 wire rods
in a complex chain driven mechanism [62]. A more recent study by
Advact [72] use NiTi plates in an opposing actuator arrangement to
form an adaptive nozzle. Such a solid-state type implementation is
more attractive due to its intrinsic simplicity and the potential for
integration as a structural member. These advantages were the
driving factors behind the use of NiTi in plate form for the proposed

VSV actuator.

The strain recovery mechanism was governed by the requirements
of the VSV actuator: the end product would need to manipulate
incoming airflow so the subsequent rotors and stators work at best
efficiency. As the study aims for a truly solid-state solution — the
proposed system’s VSVs individually “bend” to simultaneously meet
the desired angle of attack and assume the ideal aerofoil shape.
Using ABAQUS FEM, two models were designed each exploiting a
contrasting strain recovery/application mechanism: (1) One
dimension “pull” model with a linear actuator, (2) Two dimensional
“push” mode with a flexural actuator. The 1-dimensional
mechanism was more energy dense as it achieved marginally higher
tip deflection magnitudes, though this came at the expense of

higher strain envelope. On the other hand, the two-dimensional
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model did not require an additional structure to induce the motion,
as the bend motion was achieved through a similar flexural type
strain recovery/application mechanism. For this reason, and the
implications it has on the simplicity of the overall system, the
flexural type was identified as the mechanism that the VSV concept

would employ.

The presented replacement for the VSV system combined several

novel features:

(1) A truly Solid-state design — The NiTi plates alone account for
100% of the structure. They assume the profile of the VSV and act
as stress members. The eradication of superfluous structures is

instrumental for a reliable and affordable system.

(2) Faster Activation / de-activation times — The thin SMA plate
actuators have a very high surface/volume ratio. This form factor
promotes the absorption and dissipation of heat. Moreover, the
NiTi plates are mirrored along the horizontal axis, adopting an
opposing actuator philosophy. While this substantially increases
the range of tip deflection magnitude, a secondary benefit is
reduction in deactivations times through momentary activation of

an opposing NiTi plate.

(3) Multiple morphed profiles — The 6 NiTi plates are of 3 different
lengths and arranged in a 3-3 configuration to form each VSV.
Through individual activation of each plate, the system can offer 64
distinct morphed profiles. This offers significantly more flow

conditions to the following rotors and stators.
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(4) High deflection/Low strain — The NiTi plates are only
constrained on the central plane, and are free to slide (like the
pages in a book). This novel design, and the conscious use of
relative thin SMA plate, combines to form a system with an
intrinsically high deflection/strain ratio. This is a very important
consideration in SMA actuator design, as a lower strain envelope

would result in a greater lifespan.

However, as this system 1is still at a conceptual level, some of the
more practical issues have not been addressed. Following are some

potential pitfalls and possible solutions:

(1) Heat soak between the NiTi plates is a paramount concern. It
can either lead to deactivation of an active plate due to heat loss, or
unintended activation of an inactive plate due to heat transfer. An
insulating layer between each NiTi plate is therefore necessitated
to negate such effects. Silicone rubber would be an ideal material
candidate, as it would provide the added benefit of damping

instabilities caused by external factors such as turbulent airflow.

(2) The NiTi plates that form the VSV do not offer a continuous
surface. As the jagged edges can potentially disrupt the airflow,
smoothing of the profile using an outer membrane is necessary.
Silicone rubber would be an ideal candidate again, as it would not
substantially affect the performance of the actuator. Moreover,
this would have the added benefit of insulating it from external
temperature influences that could otherwise induce unintended

activation.
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CHAPTER 7

CONCLUSION

7.1 Thesis: In a nutshell

The content of the thesis can be summarised as an exercise in
linking the theoretical knowledge of NiTi SMAs to a practical
space. Background work included establishing a thorough
understanding of the behaviour of Shape Memory Alloys, locating
the opportunities for actuation available in gas turbine engines,
and evaluating past studies that utilised SMA technologies in
aerospace applications. Using this knowledge base, an
experimental methodology was devised focused on assessing criteria
specifically related to SMA actuation demands. FEM techniques
were employed, using data from the experimental study, to develop
and analyse SMA actuator concepts for the gas turbine engine

Variable Stator Vane assembly.
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7.2 Motivations

The University of Sheffield’s Dynamics group has a rich history of
involvement in SMA-related research. In particular, through their
collaboration with the ADVACT group, they have made profound
contributions towards the use of SMAs in aerospace applications.
The Group also boasts strong links with Rolls Royce through their
University Technology Centre, with collaborative studies dating
back to 1993. The initial motivation for this research can be traced
back to the Dynamic Group’s active participation in these fields.
Moreover, the knowledge base within the Group has provided an

exceptional foundation for the start of this research.

The desire to undertake this specific topic of work, on the other
hand, has stemmed from two key realities: (1) the lack of real world
applications using SMAs for actuation purposes, and (2) the
parallel shortage of theoretical studies, especially consisting of
practical experimental work, on aspects of SMA behaviour unique

to actuation applications.

7.3 Summary of Literature Review

Due to the diverse array of topics that this work links together, the
assessment of past literature and studies are categorised into
several sections. The common aim of each of these exercises is to

contribute towards the subsequent experimental and computational
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studies. The initial surveys into past work were in an attempt to
build up a broad knowledge base. These include evaluation of (1)
SMA behavioural aspects, and (2) opportunities for actuation in gas
turbine engines. This work established the suitability of SMA
based actuation systems, and revealed the predominantly archaic
nature of actuation technology utilised in gas turbine engines. In
effect, this provided with a potential problem and a potential
solution. This study was followed by a more incisive effort aimed
at pinpointing a specific gap in the research area. To accomplish
this, an assessment of past experimental studies employing in-situ
techniques or experimentally observed SMA behaviour in the
flexural behaviour was undertaken. It was noted that the
combination of these two aspects would lead to a novel study. A
parallel review of SMA related aerospace applications was
undertaken. Through this, a lack of studies relating to blade-
morphing actuation systems was detected. These two literature
reviews jointly aided in establishing the specifics of the
experimental study. Lastly, selection of a fitting model for
computational development and analysis purposes demanded for
the review of the current eco-system of SMA related models.
Through this exercise, it was determined that the Awuricchio
developed ABAQUS UMAT model was the most suitable for the

requirements of this research.
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7.4 Summary of Methodologies

The novel experimental study combines in-situ observational
techniques to assess a wide array of NiTi SMA criteria specific to
actuation applications. The most 1important experimental
technique utilised in the study, however, lies beneath the surface,
as 1t 1s specimen preparation. Amidst the complex, non-linear,
mechanical and thermal load history dependent material response
of NiTi SMAs, it is paramount that the specimens are able to
produce a consistent material response throughout their test
schedule. This entailed the specimens to undergo a gruelling
conditioning regime, which included: (1) EDM Machining, (2) Heat
treatment, (3) Thermal cycling, and (4) Surface grinding and

polishing.

The setting of appropriate test parameters in the test schedule was
a vital element, closely tied to the overall integrity of the
experimental results. The determination of such parameters
required preliminary experimental work to be undertaken: (1) DSC
tests to locate material transformation temperatures and
subsequent approximation of test temperatures, and (2) Uniaxial
tensile tests on wire specimens to locate SMA mechanical
deformation characteristics and subsequent approximation of test

strain magnitudes.

The experimental set up was based around an MTS 858 load frame.

The specimens were placed inside a Thermecraft environmental
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chamber, on a custom designed inverted four-point bend fixture.
In-situ optical investigations were obtained through a Panasonic

Hx-A500 digital camera.

The computational study also entailed application of certain
experimental techniques. The material parameters were
determined through the experimental data from the four-point
flexural study. This study was simulated through FEM to verify
and validate the operational capability of the ABAQUS based FEM
model. The validated model architecture was subsequently used to

develop, present and evaluate SMA based actuator concepts.

7.5 Summary of findings

The findings presented through this body of work can be classified
with respect to their origination; from (6.5.1) the experimental

study, or (6.5.2) the computational study.

7.5.1 Experimental findings

The experimental findings are based on observations from the
experimental study, consisted of evaluating criteria specific to
actuation applications. The cyclic tests observed material response
upon mechanical and thermal cycling. An interesting phenomena
observed through this was the sudden shift of material response

shift, attributed to the emergence of the R-Phase with repeated
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thermo-mechanical cycles. The constant strain temperature sweep
tests evaluated the effects that strain variation has on the material
response as it is subjected to a thermal load cycle. This test
provided valuable insight towards potential actuation response
characteristics of SMAs. The constant temperature strain sweep
tests evaluated the effects temperature change has on the material
response as it is subjected to a mechanical load cycle. From a
practical space, this was designed to investigate the effects of
mechanical loading to a SMA actuator at any given thermal state.
The in-situ DIC analysis based on the constant strain temperature
sweep tests produced strain field maps that highlight the
asymmetry between tension and compression. This asymmetry
manifested as (1) strain localisation wunder tension, and (2)

movement of the neutral plane towards tension.

7.5.2 Computational findings

The computational findings consist of assessing merits and
drawbacks of the two SMA-based actuator concepts. This
comparative study assessed the following operational criteria: (1)
Evaluation of the Neutral State, (2) Evaluation of the Activated
state, (3) Evaluation of the de-activated state, (4) Temperature vs.
Deflection response, and (5) Strain vs. Deflection response. These
efforts, together with all experimental and theoretical work
undertaken in this study, summated in the final conceptualisation

of the flexural type SMA based VSV actuator concept.

KASUN WICKRAMASINGHE — JUNE 2016 195



CHAPTER 7- CONCLUSION A SMART SOLUTION

7.6 Contributions

The contributions brought by this thesis can be classified into five
aspects: (6.6.1) Theoretical knowledge, (6.6.2) Experimental
Techniques, (6.6.3) Experimental Findings, (6.6.4) Computational

techniques and (6.6.5) Computational findings.

7.6.1 Theoretical knowledge

The preliminary Chapters of this thesis are focused on providing a
suitable foundation in SMA literature and potential aerospace
actuation applications. There are many studies that have
performed evaluations exclusively focused on one subject:
Lagoudas’ study of SMA modelling and engineering applications [2],
and Horn’s assessment of gas turbine Actuation opportunities [54]
are outstanding examples. The novelty of this study is in the
interlinking of these two subjects: SMAs are introduced with a view
towards gas turbine actuation applications and vice versa. The
compilation of this focused narrative thus contributes to the
theoretical knowledge base. This work is particularly beneficial for
any future undertakings, which attempt to link SMAs to aerospace

applications.

7.6.2 Experimental Techniques

Past in-situ type SMA flexural studies have been localised towards

analysis of SMA behaviour at either a martensitic or Austenitic
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thermal condition. The absence of thermal control in these studies
stipulate this restriction. Attempts from Reedlunn et al. [16] fall
into this category. Their evaluation of SMA tube bending
characteristics introduced numerous experimental solutions, some
of which have been adapted for this study. Through the use of
similar techniques, such as in-situ optical investigation to locate
local strains, several comparisons can be drawn between the two
studies. However, this study extends Reedlunn’s efforts by
introducing thermal control to the tests, enabling the investigation
of actuation specific characteristics. This necessitated the adaption
of a novel experimental methodology, inclusive of an original
experimental set-up that was capable of investigating both thermal
and stress induced transformation behaviour of SMAs. The use of
this innovative approach can be classed as a contribution towards

the SMA experimental methods field.

7.6.3 Experimental Results

The novel experimental methodology produced an equally novel set
of experimental findings that advance the theoretical knowhow
pertaining to SMA actuation design. The combination of the
thermo-mechanical cycling, temperature sweep and strain sweep
tests provided a comprehensive map of behavioural aspects specific
to actuation applications in the flexural domain. The analysis of
the behaviour at a granular level through DIC produced strain field

maps provided insight into the asymmetrical, localised behaviour
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that the stress induced martensitic transformation undergoes. This
inhomogeneity in behaviour could potentially have detrimental

repercussions to the life span of a NiTi based actuator.

7.6.4 Computational Techniques

The built-in Auricchio developed constitutive model in ABAQUS
was chosen as the framework for all subsequent FEM modelling and
analysis. Whilst this model has been traditionally employed to
model Superelastic behaviour of SMAs [92], this study manipulates
the material parameters to simulate shape memory effect induced
actuation. The methodology adapted for the Computational study
involved a validation and verification exercise between the FEM
model and four-point bend study. The linking between the data
from the experimental work to the computational data provided a
successful and original solution for this task. The end result was
the creation of a model architecture, which is adept at simulating

SMA actuation behaviour in the flexural deformation mode.

7.6.5 Computational Findings

The computational study was able to introduce a new Push type,
two-dimensional flexural NiTi SMA plate actuator concept. A
comparative study ensued, pitting it against a conventional Pull
type, one-dimensional linear NiTi plate actuator, where it closely

matched performance criteria. This concept was further developed
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into a Final VSV concept, boasting 64 activation configurations.
The originality and the effectiveness of this final concept signifies a
notable contribution towards the growing field of SMA-based

actuation.

7.7 Future research directions

This work can be used as a framework to stem numerous adjacent
studies. As this study blends theoretical, experimental and
practical efforts, each of these disciplines contains exciting future

possibilities:

7.7.1 Theoretical

The full-field in-situ DIC analysis of variable strain tests under
constant temperatures has not been attempted in the flexural
deformation regime. This was omitted in this study because of the
requirement of granular level strain distribution observation,
which necessitated a high degree of magnification. Such an
analysis would interlink with the parallel constant temperature

strain sweep tests.

7.7.2 Experimental

The Auricchio FEM model accepts individual parameters for tension

and compression to define NiTi behaviour. Tension only and
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compression only stress-strain testing of the specimens would be
ideal in identifying these tension and compression specific material

parameters for the FEM model.

Four-point flexural investigation on shape-set flexural NiTi plates.
This would simulate the behaviour of the prestrain condition and
strain recovery mechanism adopted for the VSV concept. This could
stem a comparative study with which the accuracy of the model can

be further improved.

7.7.3 Practical

The FEM model can be further extended to include a thermal
analysis. This inclusion enables the evaluation of phenomenon
such as heat transfer between NiTi plates, and heat transfer

between the NiTi plates and the environment.

The fabrication and experimental investigation of the Flexural VSV
actuator concept is an essential step in the realisation of the SMA
based system. The replication of the actuation profiles
experimentally would be very insightful, especially if it is paired

with in-situ DIC analysis.
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