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Interfacial Behaviours of Smart Composites i
Abstract

The success of convehtionai fiber reinforced composites (FRC) relies on the quality
of bonding befween fibers and matrix.- The excellent interfacial bond strength between
shape memory a]loy‘ (SMA) inclusions and the host materials 1s also critically important
for the success of SMA-composites. A review of literatures shows that there is a lack of
theoretical mode]s_ and experimental findings on the interfacial behaviours of the SMA-
composites. Therefore, in the past, the operation limit as well as the ideal actuation
condition of SMA inclusions could not be pfedicted accurately during the design stage.
Some of the fabricated SMA-composite structures may‘therefore-suffer a potential risk of

sudden failure due to over-loading or over-actuation.

The theoretical models Vdeveldped in this research provide a study basis for the
prediction of internal stresses and interfacial strength of the SMA-composites. Martensite
volume fraction is considéred as a critical parameter which determines the material
properties and shape memory effect (SME) of the SMA inclusions. The proposed model
reproduce the SMA "behaviour inside a substrate, evolutions of martensite volume
fractlon and elastic modulus of SMA, and the internal stresses along the embedded
length in different loading and actuation scenarios. The concepts of ‘constant martensite
volume fraction region (CMRY’ and' ‘constant axiz_al stress region (CASR)’ are proposed
to justify the desired SMA actuation which ensures thé uﬁiform material properties and
mechanical performance within a target reglon The minimum required geometric factors

for satlsfymg the CMR and CASR are estlmated from the associated numerical analysis.

Three types of typical loading conditions and two possible actuation modes are

identified to study the influence of loading-actuation scenarios on internal stress
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distributions and interfacial debond. The critical wire embedded length and matrix-to-
wire radius ratio for achieving ‘almost the same’ mechanical response of different
loading conditions are estimated from the corresponding parametric studies. The results
suggest that the critical embedded length and the matrix-to-wire ratio are required to
validate the loading condition employed in pullout test for determining the interfacial
properties. In addition, mode-b actuation approacﬁ is found to be more effective for the

initiation of the SME.

The energy approach is applied in the formulation of the interfacial debonding
criterion. The total elastic straixi energy on both the SMA wire and matrix cylinder is
taken into account for the prediction of interfacial debond. Solutions of stress
distributions in the partially debonded and thé remaining bonded regions are derived
with the considerations of externally applied stress, axial position and actuation ‘
temperature. These solutions are then substituted into the debonding criterion that results
in the numerical solutions of normalised strain energy release rate against the applied
load. The substantial improvement of the initial debond stress is predicted with the
increase of the actuation te_mpé;ature. A pre-load or initial applied stress is found to be
neées;ary to compensate the ‘ad.di.tional recovery stress arising from SMA actuation

before the further development of the strain energy release rate.

Single fibre pullout test is employed to validate the model developed in this study.
Based on the knowledge obtained from the CMR and CASR analysis, the SMA
wire/epoxy matrix cylinders with appropriate dimensions are fabricated for the test. In
addition to the pullout test data measured by the MTS micro-force testing machine, the

debonding processes are also qlbsely monitored by using the high resolution digital video
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capturing system. Results are then compared with theoretical predictions. Both the

critical stress at the initial debond and the deborid stress development with the debonded

length are found matching fairty well with the theoretical predictions.

The *Optimum Actuation Condition (OAC)’ that ensures the reinforcement of
SMA composite but avoids the failure of composite interface due to over-actuation. is -
also defined to optimiie the application of SME in the composite structure within a
safety‘actuation limit. Feasibility of OAC is studied with the consideration of different
presfra’in values. It .is found that the higher the pr'estrlain value, the more difficult the
OAC control. A simplified OAC (SOAC) is also developed to provide an analytical
solution of OAC andrthus.the ideal .actuation temperature for achieving such specific
actuation condition can be estimated more easily. It is found that the results of OAC and

SOAC are compromised for the sufficient wire embedded length.

The stress distributions in the perfectly bonded and partially debonded SMA
wire/matrix cylinder are simulated by using finite element analysis (FEA). The frictional
contact surfaces at the deboﬁded-region are carefully deﬁned and the nonlinear static
Analyms is employed to analyze the stress distributions inside the partially debonded 'two-
cyhnder models. The results indicate that both FEA and theoretical resuIts agree well

with each other especially in the perfectly bonded condition.

Buckling control of composites with embedded SMA wires is employed as
application examples. The buckling resistance of SMA-reinforced laminated beam is

measured from the buckling test. The results agree fairly well with the theoretical
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predictions and hence. convince the applications of such theoretical ‘model for the

estimation of buckling fésistance in the design stage of the SMA-composites.

Based on the overall developments, it appears that the proposed theoretical models
and the approach of éxperimental study are the viable basis for the development of the
SMA-composites as a new class of reliable materials for satisfying wide variety of
engineering _requiremems.;'.l'he concept of evolution of martensite volume fraction along
the embedded SMA materials is particularly important for the predi?:tions of mechanical

respénse as well as material status of the SMA-composites.
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Chapter 1 -

Introduction

Shape memory alloys (SMAs) are intelligent ma-terials that ‘remember’ their
original shape. The properties of the SMA change markedly due to a phgse
transformation between a crystallographically more-ordered austenitic phase and a
crystallographically less-ordered martensitic phase céused by the changes in temperature
anc} stress. Nickei~titanium élloys have been found to be the most useful of all SMAs.
Other shape memory ailoys include copper-aluminum-ﬁickel, copper-zinc-aluminum and
iron-mangnaese-silcon alloys. The generic name for the family of nickel-titanium alloys
is Nitinol. In 1961, Nitinoi‘, which stands for Nickel Titanium Naval Ordnance
Laboratory, was discbvered to possess the unique property of having shape memory.
William J. Buehler, a researcher at the Naval Ordnance Laboratory in White Qak, |

Maryland, was the one to discover this shape memory alloy.

SMAs in the shape of thin wires can be integrated in fiber reinforced polymer
éo:rr;posites (FRC), yielding 'édaptive composites. Research findings generally agreed that
tile application of shape memory ;effect can modify the modal material properties as well
as the internal stress distr_ibutions of the SMA-composites. Therefore, the mechanical

response of those composite structures against external stimulus can be improved.

Over the years, many constitutive models have been proposed to represent the
nonlinear behaviour of the SMA with hysteresis [1-3]. Numerous experimental findings
agreed well with most of the theoretical models. However, the efforts for the control of

the SMA-composite structures as well as their reliability are quite rare. Success of the
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FRC highly relies oﬁ the strong interfacial' bond petwéen the consﬁtqgnts. There is no
excebﬁon for the SMA-composites having physical limitation related to the quality of
interfaces. A review of literatures, however, show that there is lack of theoretical studies
or even experirhental findings for .;:haracterizing the wire-matrix int'er.fac.e failure
behaviour in such novel composite materials. If the influence of ;hape memory effect on
the interfacial bond strength'is not clarified, it is difficult to estimate the operation limit

accurately and hence to optimize the performance of the SMA-composites.

. fn Chapter 2 of this thesis, the working principles of SMA inclusions and the role
of interfacial bond strength ina SMA-composite are feviewed with particular attention to
the risks of over-simplified constitutive' models applied in some recent researches.
Several typical configurations of SMA actuators in composite structures are identified
and the advantages and limitations of different configurations are discussed. Some of the
plausible improvement schemes for interfacial bond strength enhancement are also
reviewed. A constitutive model of the SMA i‘s incorporated with the general stress-strain
relations to formulate the s'tl;ess distribution solutions in Chapter 3. The evolutions of
martensite volume fraction at the well-defined stress-temperature regions are critically
dis'cussed. Such ‘evolutioh; ﬁechanism is proposed and simulated by setting the
recu;'r‘énce relation between axial stress on the SMA wire and the martensite volume
fraction. Chapter 4 focuses on the influence of various loading-actuation scenarios on the
estimation of SMA’s material bropenies. Evolution of internal stress distributions
lhroughf)ut the wire embedded length is also studied. Parametric studies are emp.loyed to
clarify the critical geometric factors that validate the application of equivalent martensite
volume fraction for the estimation of material properties. Two actuation modes, so

called the ‘mode-a’ and ‘mode-b’, are clearly defined to distinguish the two typical
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actuation scenarios which may cause substantial derivation in the estimation of material

properties. Using the energy approach, shape memory effect on the critical interfacial
debbnd is evaluated in Chapter 5. Critic_al changé of the strain énergy release rate and
thus effectiveness of the SMA actuation on the improvement of debonding behaviour are
also presented. In Chapter 6, pullout tests of the SMA wire/epoxy matrix cylinders are
performed to determine the iﬁterfacial properties. Comparison between experimental
results and theoretical predictions of the 'debonding. stresses at different actuation
temperafures are employed to-validate thé theoretical model developed in the present
study. Chapter 7 pfesents an important concept of the optimum actﬁation condition
(OAC) in which the ideal achation -temperatu;e cén‘ be estimated to prevent the
interfacial debond due to the over-actuation of the embedded SMA ﬁre actuators. A
simplified OAC (SOAC), which provides an explicit solution, is also developed. The
internal stress distributions in the SMA-comprosites for different debonding condition are
analyzed by using finite element method (FEM) in Chapter 8. Two-dimensional
axisymmetric models predefined with different debonded lengths arerdevc‘loped witH
specific assignment of surface meshing. The FEA results are used to validate the
theoretical solutio_ns of sﬁéss distributions as well as the applicaﬁon of equivalent’
fna'rterisite volume fractioﬁ.l‘(.:hapter 9 is devoted to the buckling control of SMA-
rcinfoﬁ:ed laminated slende_r beam. The simply su;ﬁpofbsimply support (SS) boundary
condition is considered in the buckling test and the additional buckling resistance is
measured to qualify the application of the SMA wire actuators in buckling control. It is
followed, in Chapter 10, by a summary of thc present works and several suggestions for

future research,
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Chapter 2 |

Working Principles and Applications of SMAs and
SMA-Composites |

2.1 Introduction

Shape-memory properties for nickel (Ni) and titanium (Ti) alloys with a
composition of 53% to 57% of nickel by weight were discovered by Buehler and Wiley
[4] in 1960s at the Naval Ordinance Laboratod (NOL); therefore, the term Nitinol is
commonly used when referring ‘to Ni-Ti-based shape memory élloys. In the past three
decades, Ni-Ti alloys have. been widely investigated due to their novel features and
frequent use in engineering applications [5-8]. All of those alloys can be deformed
severely with residual strains of 8-15% and then regain their original shape after a
thermal cycle. This effect is typically known as the shape memory effect (SME) and the
alloys exhibiting this novel phenomeﬁon were ﬁamed shape-memory alloys (SMA). It
was later found that exée_pt_ fc_)r' shape memory properties, at sufficiently high
temperatures such materials also pos'sesﬁ‘ the special property of ;uperelasticity. It allows
the'. recovery from lairge deforma.tion .during mechanical loadiﬁg-unloading c‘ycles
experienced at a constant température. As a consequence of superclastic and shape-
memory properties, shape memory alloys lend themselves to a wide range of innovative
applications. Unlike natural materials or even most engineering material systems that
exhibit elastic properties and demonstrate plastic deformation after the critical yield
point, shape memory alloys can undergo reversible solid-solid phase transformation
between a crystallographically more ordered phase called austenite, and a

crystallographically less ordered phase called martensite. The difference between the
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Figure 2.1 Differences between the typical stress-strain curves of natural
materials and shape-memory alloys.
stress-strain responses of natural materials and SMA are schematically illustrated in Fig.

2.1.

The active and passive control of structures has been the subject of intense research
over the past few decades. Many applications in modern engineering structures require
an effective and reliable sensing and actuation system to refine the mechanical responses
toward external stimuli. Numerous sensors and actuators were therefore proposed and
developed to serve a wide range of control requirements. Techniques for the active
control of structures often use hydraulics, and pneumatic as well as electric motors as the
means of damping or positioning. For certain applications, although hydraulics systems
can generate a relatively high actuation force, they are either too massive or their
responses are too slow for particular areas, such as aviation industries or even space

structures. Pneumatic systems can provide a much faster mechanical response, but they
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are also bulky and involve the installation of compressors and a pressure vessel near the
application regions. As a result, compact electric motors are normally preferred in many

control systems.

Structures externally attached with actuators (i.e., electric motors or hydraulic
systems) and a series of gearing components have limited the flexibility of structural
~assembly and also the aerodynamic pcr-formance of vehicles and aircrafts. Therefore,
researchers have aimed to further develop material systems or structures with built-in
actuators to achievé-acti\.re coﬁtrol by modifying material properties or even changing
shapes. However, hydraulic sysiems and motors can no longer satisfy the dimensional
requirements of modal properties as well as improve them. A new class of smart
materials, which can serve the captioned requirements, has become critically important
in the future development of engineering structures. Composite materials embedded with
SMAs (SMA-composites) are a class of materials in which the intrinsic shape-memory
effect can be used to achieve shape ér vibration control, impact absorption, or even
structural repairs. Recently proposed designs based on such materials range from self-
expanding microst_ructu;es for treating body vessel occlusions to devices for the space

structures and aircraft industries, such as antennas and hingeless flaps.

Success in SMA éomposite manufacturing has been limited by poor SMA/matrix
bonding [9,10]. It is known that special surface treatment on the SMA hybrid composite
interface is required to ensure effective load transfers between constituents so that the
proper SMA composite éhape control can be obtained. This paper reviews the previous
experimentél characterization of SMA behaviour, compares constitutive models and,

finally, discusses the design and application of SMA hybrid composites.
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2.2 SMA Behaviour

2.2.1 Phase Transformations

For the case of uniaxial stress, both the superelastic and shape memory effect
follow from the SMA’s ability to undergo reversible changes in the crystallographic
sy.mmetry-point-group. Such changes are the result of martensitic phase transformations,
which are solid-solid displacive-diffusionless phase transformations between a
cryst‘al-lographically' more ordered phase, called austenite (or the parent phase) and a

crystallographically less ordered phase, called martensite.

In the kinematics point of view, a martensitic phase transformation is the change
in atomic structure during the transformation process. The single martensite crystals
generally have a platelet shape and such a plate formation is accompanied by a
macroscopic deformation. In general, a change in shape with a surface relief can be
observed using scarining‘elgctron microscopy (SEM), as shown in Fig. 2.2. Also, there
exists a well-defined habit pléne, which is the interface between austenite and martensite, -
és.'schematically illustrated m Fig. 2.3. As was recognized by Bain in 1924 [11], the
forn;a;fion of martensite plates cannot simply follow the single-crystal mechanism.
Nowadays, it has be;:n clarified that this mechanism introduces a major problem of
accommodation arising from the misfit between martensite and the surrounding
austenite. If there is no preferred direction for the formation of martensite plates, a series
of cryst;lllographically equivalent variants will be formed. This kind of product phase is
then termed multip!e—variﬁn't martensite, and is characterized by a twinned structure. If a

preferred direction for the occurrence of a martensitic transformation is present, all the
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martensite plates will be formed along thé favorable habit plane. It therefore forms a

product phase with a detwinned structure that rminimizes the misfit between martensite
and the surroqnding austenite. Therefore, this 'phenomenon is known as self-
accommodationl between microstructl.ires, and the detwirmed- strucfure is termed single-
variant martensite. The detailed discussions regarding lcrystallographic aspects, including

possible self-accommodation mechanisms, can be found in many studies [12-15].

For Ni-Ti SMA, the critical phase transformation temperatures known as austenitic
start T, , austenitic finish T, , martensitic start 7}, , and martensitic finish T, are

strongly dependent on the material composition. To obtain a desired phase-
transformation temperature range, a composition control of between 0.01-0.1% is
required. However, the transformation temperatures are usually measured as quality

control instead of relying on the chemical composition.

In general, the characteristics of SMA can be improyed via a combination of cold-
working and annealing. Cold-working is an effectivé way of increasing yield strength
but, normally, the shape memory properties will be reduced [16]. Annealing can
éfféctively restore the memb;y effect but decreases fhe yield stress. Therefore the amount
of coId work and annealing determines the preference of a fabricated SMA material.
Normally, cold works generate a high density of dislocations in the lattice structure,
which restricts the mobility of twin boundaries. The annealing rearranges these
dislocatjons into the relatively dislocation-free'areas in which the twinned martensite can

be mobile but surrounded by dislocation networks.
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Figure 2.2 SEM image at 2000x shows a habit plane and twin plane
orientations. Using these angles and the orientation of the specimen, the
habit plane variant and corresponding variants composing the habit plane
variant can be identified. [17] '

Parent phase before
transformation

Habit plane

Austenite
(Parent phase)

Figure 2.3 Formation of a single martensite plate in the unconstrained
condition, where & is a unit vector in the direction of martensitic
transformation and # is a unit vector normal to the variant plane.
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2.2.2 Thermomechanical Propertiéé

The amount of recoverable strain due to SMA heating as well as the size of the
hysteresis loop are normally associated with several possible factors including the alloy
composition, thermomechanical history, lqading direction, and the types of loading [18].
If the applied strain is lgrger than the maximum allowable recovery strain of a selected
SMA, the reversible martensitic transformation and dislocations due to plastic flow u‘uill
interact. As a result, the .recoverable mémory strain will be reduced. For the complete
-phase transformation, which means the transformation between pure austénite and pure
ma;'tensite, the maximum recoverable strain is of the order of 8%, with the hysteresis

loop typically between 30°C and 50°C.

For applications that are subjected to cyclic loading, the stability of the shape
memory effect and materiai properties become much more important [19-26]. Depending
on the composition and the appiied heat treatment, it is possible to obtain Ni-Ti alloys for
which the prOperties'as-sociated with austenitic and martensitic phasé transformations
stabilize after several training cycles. In addition to the shape memory effect and
supérelasticity, Dalaey et al [27] discovered another-ifnportant phenomenon knox:vn as
t@ﬁ-way shape memory (TWSM). This special behaviour appears via a series of cyclic
thennomechanical transformations, i.e. training, which induces a favorable residual
stress field within the SMA material. After training, stress-free cooling of austenite
produces a transformation strain that is hysteretically recover_ed during the stress-free

heating of the martensite. -
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2.2.3 Experimental Characterization of SMA Behaviour

Much research has been conductcd- on how to characterize the thermomechanical
behaviour of SMA materials. Of the particular interest to this study are the constitutive
modeling, transfer of internal stresses, and interfacial behaviour of SMA-composites. In
order to facilitate the captioned studies, the most common type of shape memory alloy -
Nitinol - is employed for all of Fhe experimental tests and theoretical models. One of t‘he
first exhaustive experimehtal studies was reported b)./ Cross et al. [5] in 1969. It was then
fqllowed by other thermomechanical characterizations and reliability stud.ies [6,28-30],
wh}ch have sought to fill the gap in kndwledge about the technical specifications of
nitinol and about the various ternary and quaternary alloys of nitinol [31,32]. However,
most of those previous studies validate the behaviour of nitinol in limited temperature
ranges. The complete nitinol response for a wide range of temperatures has been
characterized in more recent studies [33-36]. Some other research groups have also

examined the influence of strain rate on the mechanical response of nitinol [3 7-39].

In addition to the one-dimensionél experimental testing of SMA wires and strips |
coqducted in most of the previous studies, other studies have been conducted to examine
tﬁé recovery action of tﬁo-dimensibnal SMA plates in different stress states. Furuya et
al. was the pioneer in studying the influence of annealing temperature as well as heating
rates on the force of recovery of 2-D nitinol plates [40]. In the next ten years, several
experimental tests using combined tension and torsion were performed on SMA tubes
[41]. In addition, Jacobus et al. [42] conducted a more through study that focused on the
uniaxial compression, hydrostatic compression, and triaxial compression  on

transformation in SMAs.
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2.3 Behaviour of SMA Inclusions

i

The mechlanicalr properties of conv;entional types of fiber-reinforced matrix (FRM)
composites ar.é determined by a number of factors,. including the strengths and moduli of
the fiber and matrix; aspect ratio, fiber embedded length, volume fraction, uniformity,
orientation of fibers and, more importantly, the adhesion at the fiber-matrix interfactes.
Definitely, the success of FRM manufacturing relies strongly on high-quality interfacial
bonding. 'fhis importantlrequirement is not limited to conventional FRMs but also
etindS to SMA hybrid matrix composites. In the past decade, there has been a wealth of
published research on issues of bonding relating to SMA—cémposites, to enhance the
reliability of this novel material system. Some previous studies have focused on
measﬁring the interfacial shear strength at the SMA composite interface while varying
the surface treatment of SMA inclusions [43-46]. Some other research groups have
proposed the use of coupling sleeves [47] or even mechanical fasteners [48] to enhance
the interfacial bond. Paine and Rogers [49] developed a simple pullout test ﬁlodel for
investigating stress and strain transfers fr_om SMA wire to the surrounding matrix
- cylinder. Berman and White [50] also proposed a similar concentric cylinder model for
prt.ac-iicting thermal and transformation residual stresses in SMA-composites, and
s;lggb'sted that the large residual stress may damage the interfacial bond in the curing
process. Other experimental evidence has confirmed the existence of microcracking in

matrix due to high residual stress during proéessing {51].

The more recent studies have investigated the phenomenon of internal stress
transfer by using both the strain gauge measurement and photoelasticity [52,53]. They
agree that the non-uniform phase transformation of SMA inclusions has important

implications for designihg and predicting the behaviour of embedded SMA actuators. In
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the latest research, Poon et al. [54] de_velopéd a two-cylinder model to predict the in-situ

martensite volume fraction and, hence, the evéliition of the material properties of SMAs
as well as internal stréss'distributions. Both the Experimental data and theoretical results
confirmed the absence of transformation in the center portion of embedded SMAs. This
phenomenon can be attributed to the constraints imposed by the surrounding matrix. Due
to load transfer between the matrix and the stiffer SMA inclusions, axial stress in the
-SMA builds up from zero at the free embedded ends to the maximﬁm value at the center -
[56,57]). In addition, Berman [57] addressed the problem of excessive residual hoop
stresSeﬁ that develop.from' the mechanical and/or thermal transformation of constrained
SMA wireé, leading to radial cracking around the eml;edded nitinol wires. Also, it has
been confirmed that thermal and transfomulational residual stresses will directly influence
the structural behaviour of SMA-composites. Since mechanical stress can induce phase
transformation in SMAs, the modal properties of SMA-composites can be changed by an

externally applied load.

2.4 Constitutive Models

.A When the SMA is restrained such that it cannot recover its strain, a very large
r;;covery force can be develobed in wire. Applying this novel mechanical response,
prestrained SMA wire has been uséd to actively generate force or to turn the properties
of a composite structure [58-60]. This phase transformation is also accompanied by a
large change in resistivity, specific heat, the modulus of elasticity, and other properties of
the materials. In structures With embedded SMAs, these changes can be harnessed to
achieve a change in the modal properties for different applications [61,62]. Since the

behaviour of SMA materials is primarily a function of three variables including stress,
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strain, and temperature, and their associated rates, a constitutive model. that attempts to

describe the material behaviour has to be a function of these variables,

The first constitutive model for the rhacroscopic Behaviour of SMA was proposed
by Tanaka [63] in 1986. The model is based on thermomechanics, where the second law
of thermodynamics is written in terms of Helmholts free energy. It was assumed that the
unidirectional strain, temperature, and martensite volﬁme fraction are the state variables
for the stress calculation. One may notice that the martensite volume fraction is a
function of stress an:d temperature, which means that the recursive numerical solution has
to be employed to determine both the stress and -th‘e martensite volume fraction in
embedded SMA at the instant. In this Vmodel, exponential expression is selected to

describe the martensite volume fraction in terms of temperature and stress.

Tanaka Model

This model associates the three important variables as given below,

o-0,=E¢)(e-£,)+6(T-T,)+Q&)(£-¢,) @1

whe;é the state variables -including stress ¢, strain £, and temperature T are described in
terms of martensite volume fraction &. The subscript “o0” represents the initial state of
SMA; E, @, and Q refer to the modulus of elasticity, the thermal stress coefficient, and
the pha‘se transformation coefficient, respectivgly, The modulus E is considered a linear

function of the martensite volume fraction as given below:

E(‘f)zEA"'é:(EM"EA) (2-2)
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and '

Q&) = ~¢,E(&) 2.3)

where &, the maximum recoverable, strain is considered as a material constant. The

martensite volume fraction described by the exponential function is modeled as

¢ =1-exp|a, (T4 -T)+b,0] (2
for austenite—)martensite transfqrmation and
E= exp‘[ad (Tsj —T)+b,;a] _ (2.5)

for ma;tensite-éaustenite transformation. a,, , a, , b, , and b, are the empirical
constants employed for thé given SMA material. 72 and T refer to the martensitic start
and austenitic start temperatures, respectiyely. After Tanaka’s works, Liang and Rogers
[64] formulated a constitutive model tilat considefs the rate form of Tanaka’s model.
Howevér, the exponential expressions are replaced by cosine functions to characterize

the martensite volume fraction.

Liang and Rogers Model

The same form of constitutive equation has been used in this model. Although
some of the constants are defined differently, the most essential components modified
from the Tanaka model is the application of.the cosine form to model the martensite
volume fraction, as follows:

& =%cos(a,w (T-T)+8,0) (2.6)
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for austenite-> martensite transformation at C,, (T -7,/ )< o <C,, (T - T} ) and

£ :f—;'-[cos(a,, (T—'J;j)+b;,c'r)+1] | | Q.7

for martensite->austenite transformation at C (T - Tp) <o <C(T-T2), where &, and

gy are the initial martensite fractions for the corresponding transformation. The
constants Cyy and C,4 are material properties that describe the relationship between

temperature and critical stress, o_, to induce transformation, as illustrated in Fig. 2.4.

Although the '_I'an_aka,.' and Liang and Rogers models agree well with the
experimental findings, due.tq: the absencc_e of vaﬁables that differentiate between the
twinned and detwinned variants of martensite, they can only reproduce some of the .
behaviour of SMA: phase transformation from martensite to austenite and vice versa, but

fail to represent the overall shape memory effect.

Brinson Model

Based on the micromechanics of SMA material, Brinson [65] proposed separating

marteniste volume fraction into two parts, as given below:

§=&+sr (2.8)

where &, refers to the fraction of the material that is purely temperature-induced

martensite with multiple variants, while &, represents the fraction of the material that has

¥

been transform by stress into a single variant of martensite. This new arrangement allows
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the previously proposed constitutive equ'a't’io'n to reproduce the behaviour of SMA at

temperatures of below 7 | as well as above. Figure 2.5 schematically presents the

o ?

variation with the temperature of the critical stresses for a transformation consistent with

the separation of & into two stress- and temperature-induced components.

Using the new arrangement of martensite fraction, &, Eqn. 2.1 has been modified

as foliows:

o -0, = E)e—E(E)e, + Q&)K. ~ QL ), +6(T-T)) 29)

A§ for the major interest of this study on the internal stress distributions in SMA
wire{matrix composites, the evolution of martensite volume fraction along the wire
direction is modeled based on Brinson’s constitutive law. Details of the transformation
equations for different thermomecﬁanical application.scenarios are further discussed in

the following sections.
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ol el - T

Figure 2.4 Critical stresses for transformations as a function of
temperature. Cysand Cy are slopes of the o, (T) curves for the austenitic
and martensitic phase transformation, respectively. [64]

Recovery stress in a
strain-constrained condition

Figure 2.5 Critical stresses for phase transformations and the formation of
detwinned martensite due to applied stress. [65]
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2.5 Designs and Applications of SMA-Composites

2.5.1 Configurations of SMA in Composite Structures

Several plausible designs of SMA-reinforced composites have been proposed to
satisfy a wide rahge of engineering requi_rements in the past decade. Most of thése
designs use the advance in. SMA’s recovery action to control the frequency, buckling
resistance, and shape change of a structure. The three distinct configurations using SMA
materials in a composite structure ére: connecting the maferials externally to the structure
[58,66-69], inserting the maiterirals in a composite structure via a sleeve [70,71] and

embedding the materials directly in the composite structure'[72-82].

2.5.2 Advantages and Limitations of Different Configurations

Externally attached with SMA Actuators

~ There have been several reported cases of using similar configurations of externally -
| éttached SMA actuators. The schematic of a flexible beam/plate externally attached with
SMA' actuator is illustrated in Fig.2.6a. A comprehensive feasibility study utilizing an
externally attached SMA to control thé vibrations of a cantilever beam had been
performed by Baz et al. [58]. The results demo‘nstrated the potential of using SMA as a
viable means of damping out the vibrations of a beam. However, their work was not

derived from a constitutive relation of SMAs. In addition to controlling vibrations,
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SMA wire

Composite Beam

(a)

Neutral Axis

Composite beam

(b)

Neutral Axis

T e e Composite beam

(c)

Figure 2.6 Schematic of flexible beam/plate (a) externally attached with a shape memory
alloy wire actuator, (b) inserted with SMA wires via sleeves and (c) directly embedded
with SMA wires
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Chaudhry and Rogers [68] demonstrated the possibility of using this configuration to

induce deflections of a beam and also the feasibility of shape control for a composite
structure. Brand et al. [69] discussed a solution for ;1 flexible beam and a constitutivé:
model for SMA, but their works did not include 'coupling'betweén thé beam' and SMA.
The strong coupliné between the nonlinear solrution ofa la;ge deflection problem with an
SMA constitutive modei and electrical curre.ntj control had been addressed by Steven G.
Shu et al. [66], in which the actuation force applied to the beam is solely from the SMA
actuator. Shu et al.’s work therefore demonstrated that fhe SMA actuator could be used
to é(;ntrol the shape of a flexible structure. The external actuators also have better con&ol
authority since the actuétor can --be placed at a different offset distance from the beam.
The moment, caused by SMA actuation, is therefore much greater than in a composite
beam with an SMA wire émbedded inside a composite beam. The actuation of an
externally attached SMA wire actuator will not affect the flexural stiffness of the beam. _
Such a configuration also.-allows for the introduction of fast convection cooling, which is
very important in shape-control applications that require a high-frequency response from
SMA actuators. Although the so-c_:alled ‘externally attached’ dpproach provides a number
Qf advantages, including jn rglqtion to the cooling problem of SMA-composites, this kind
of 'bogﬂguration normally ;)k;cupies more space and thus reduces the flexibility of the

structural assembly as well as the aerodynamic performance of the whole structure.

SMA Wire Inserted Via Sleeve

Several research groups have tried to insert SMA wires into sleeves embedded in a
flexible beam to control buckling, vibration, and bending behaviour. Baz et al. [71] used
a finite element method on their experimental results, which compared wel] with the

theory. They showed that the buckling load of a flexible fiberglass composite beam
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inserted with prestrained SMA wires can be increased by almost 300% over that of an
uncontrolled beam. On the other hand, Chaudhry and Rog.e-rs [83] examined the basic
concepts relating to the strﬁctural response to the embedded SMA wires. They verified
the fundﬁmcntal princip]e that no buckling takes pIace 'due to internal SMA actuators.
Their ﬁndmgs confirmed the p0551b1hty of using SMA actuators to actively control the
bending of structures. Epps and Chandra [84] also conducted both numerical and
experimental studies of natural frequencies of composite beams with activated SMA
wires. The eight-ply graphite-epoxy beams with embedded fused silica tubes filled with
‘du'n;uny’ steel wire were fabricated using an autoclave molding technique. After curing
the composite beam, the steel Qires were replaced with prestrained SMA wires. The
numerical study reported that the outstanding improvement of first frequency can be
obtained by inserting 25 SMA wires with a diameter of 0.5mm into a graphic-epoxy
beam. The typical configuration of their SMA hybrid composite models is shown in _

Fig.2.6b.

Embedding Directly into Cérhp' osite Structure

- Considering the issué of fabricating SMA-composites, it is crucial to maintain the '-
prés}rgin level of the embedded SMA wire inside a corhposite structure. Failu‘re to
controi the amount of cold work applied on SMA during the fabrication process results
in the derivation of an actual mechanical response from the designed specification.
Certainly, inserting prestrained SMA wires via a sleeve inside a composite can minimize
“unwanted” cold work (other than the target prestrain value), which may derivate the
expected SMA properties in the initial state as well as the prestrain value and, hence, the
final performance of a SMA-composite could be totally different from the expectation. If

the clearance between the sleeve and the SMA wire is sufficiently large, the prestrained
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wire can be inserted into the sleeve after the curing of a composite structure without
using any fixture to maintain the wire’s alignmerit during the curing process. In the other
words, it is more convenient to use such an approach to inserting wire when fabricating

SMA-composites.

Although this approach ensures the properties of the SMA actuator, it cannot be
used to modify the modal properties of a whole composite structure. For example, since
the actuation of SMA is considered.to generate a pair of éompressive forces on both ends
ofa -structure, there lis_ no means to change the elastic modulus of a composite. Therefore,
numerous studies have focused on the design and fabrication of smart composites

directly embedded with prestrained SMA wires in recent years.

Rogers and Baker [82] directly embedded SMA wires _in a graphic-epoxy
composite beam to control ifs frequency. In that experimental study, the beam and SMA
wires were independently clajnpgd. When the SMA wires were heated, the beam was
subjected to an axial force Vdue to the shape memory effect and the elastic constraints
provided by the _host matrix. They demonstrated a 200% increase in the natural "
freiluency of a graphic-epo.x; i)eam by using 15% volume fraction of SMA wires. ‘Song

'ahd‘S:ln [72] establishedra micn_'omechanical-mod_el‘ to simulate the thermomechanical
behaviour of an aluminum matrixl composite with SMA reinforcement under uniaxial
tenston. They quantitatively ihvestigated the influence of the shape and volume fraction
of SMA inclusions on the overall behaviour as Qell as on the internal stress evolution
inside the aluminum composite. However, the issue of debonding between the aluminum
matrix and SMA material was ignored. Considering the interfacial debonding in terms of

the shear strength between the constituents, when interfacial shear stress develops on the
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critical shear strength, debonding occurs immediately and propagates throughout the

embedded length with a further increase in applied' stress. Psarras et al. [85] suggested
that the interface between the SMA wire and the polymer matrix must be sufficiently
strong to be able to transmit stresses to the adjacent material. They also successfully
applied the technique of laser Raman spectroscopy to measure the stress, strain, and
temperature distribution at the vicinity of thg SMA wire in the aramid fibers during
actuation of the SMA wires. After Psarras’s wprk, Moore and Bruck [86], and
Shimmnoto et al. [_5_3] appiied the digital image correlation (DIC) technique and the
p_h(a)toelasticity- techﬁique,. fespective!y, to measure, the internal stress and strain
distribution of SMA reinforcea structures. .Moore and Bruck reported substantial
differences between the deformations near the end and the one near the middle of the
Iengthlof the speéimen. .That is in direct contrast to the isosfrain assumptions used in a
simple actuation: model developed by Blonk and Lagoudas [87]. Their numerical and
experimental results alsb -indicgted that oné-way SMA wires experience inelastic strains
during large strain récovery in the flexible polyurethapes that-substantially reduced the
level of the actuation strain. Similarly, Shimamdfo et al. reconfirmed the active
remforcement of the SMA wire hybrid smart composﬁe by using the technique of
photoelastlmty They also conﬁrmed that the recovery strain mcreases w1th the increase
of prestrain and fiber volume fraction, while the modulus of the longitudinal elasticity of
the SMA-composite decreases with increasing temperature. However, they did not
attempt a further interpretation of the reduction of the elastic modulus due to SMA

actuation.
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2.5.3 Drawbacks from the Over-simplification of Constitutive Models

Numerous studies in recent years havé focused on the design and reliability of
SMA wire hybrid polymer matrix composites. Depending on the particular engineering
problem, many specific SMA configurations, activation approaches, training schemes for
SMA wires, manufacturing processes, and some theoretical studies for the control of
mechanical responses .have been proposed, as was briefly reviewed in the previous
sections. However, since the phase transformation of SMA materials is sensitive to
ap;;fied stress and tefnperature and the internal stress distributions are also functions of
material properties and geometric factors of constituents, these iead té a strong coupling

between the constitutive equations of SMA and the internal stress distributions.

2.5.3.1 Decoupling of Constitutive Models

In order to facilitate performance predictions and reliability studies, some
researchers, including Lee and Jeong [88], Moore and Bruck [86], and Wang [89], have
'sirﬁpliﬁed the problems with constant material properties throughout the e_mbedded wire
.at défined operating conditions. Lee and Jeong assumed that the whole SMA wire
(including the center portion and embedded ends) exhibits phase transformation at an
instant. In other words, in a specific condition with a given actuation temperature, the
elastic modulus is expectéd to be consistent along the embedded portion. Similarly,
Moofe and Bruck proposed the use of a" elastic modulus deduced from the SMA’s
constitutive model for predicting interfacial debonding stress. Wang further simplified
the constitutive model into two distinct operating conditions, which means that the

embedded SMA material was assumed to be at either at a purely martensitic or austenitic
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phase corresponding to the stage before or after transformation; Certainly, this is a
plausible way to decouple the constitutive equations into two distinct components: the
shape memory effect (or the recovery stress/strain) and the stress transmission
throughout the surrounding matrix. However, this assumption leads to the loss of critical
information associated with the evolution of the martensite volume fraction & and,
hence, to an over-estimation of the recovery stress and elastic modulus of SMA in the
actuated condition. As discussed in the previous section, £ is considered a governing

parameter for determining SMA properties. It can be changed in different stress states
and actuation temperatures. Failure to incorporate the influence of the internal stress
distribution in constitutive models will lead to a failure to reproduce the appropriate

stage of SMA for predicting mechanical response.

2.5.3.2 Assumption of Constant Transformation Temperatures

In addition to the over-simplification of the constitﬁtivc model, another
unreasonable assumption that has frequently been employed in many feasibility studies
‘_ of SMA-composites [78,86,88 and 90,] is the stress-independent transformation
. temperatures, Referring to Fig.2.4 and Fig. 2.5 for the typical phase diagram of SMA

material, the four transformation temperaturés must be the functions of stress on SMA.
Considering the embedded SMA wire that is subjected to the strain-constrained
condition, the self-generated recovery siress increases the transformation temperatures.
Depending on the values of C4, both the austenitic start and finish transformation
temperatures can be increased substantially with the increasing recovery sStress due to
thermal expansion. Lee and Jeong [88] incorrectly assumed the same transformation

temperatures for both the embedded and unrefined SMA wire, which yielded an over-
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estimation of the mechanical response of SMA-composites. Li et al. [90] and Schrooten

et al. {78] also made the same mistake; the first in a study of phase transformation
behaviour under the constraint of a hard substrate, and the second in a comparison
between the generation of recovered stresses in SMA wires and composites. They

assumed that the austenitic phase transformation starts immediately when the actuation
temperature increases upon the austenitic start temperature, T? (where T/ is the

transformation temperature at the stress-free condition obtained from measuring DSC).
This led to an incorrect identification of the shape memory effect in their experimental
results and theoretical predictions, respectively. Slightly different from the captioned
mistakes, Wang [89] individually estimated the performances of ISMA wire hybrid epoxy
matrix composites at a purely martensitic phase and austenitic phase. Although this study
focused on the two extreme scenarios of operation without examining issues relating to
temperature, it was basically impossible io achieve the pre-defined condition with a .
purely austenitic phase in a strain-constrained condition. Since the austenitic finish

temperature increases with residual stress on wire, an extremely high temperature (i.e.,

Tfﬁ +AT ) may be required to complete the austenitic transformation as schematically

illustrated in Fig. 2.5. For the applicatibn of epoxy matrix, the actuation level of the
embedded SMA has to be controlied below the glass transition temperature of epoxy

(typical value ~ 120°C); otherwise, the epoxy matrix goes from a hard, glass-like state to

a rubber-like state. However the austenitic finish temperature Tff for the actuator-type

SMA materials is normally designed to be from 65°C to 75°C. A further increase in the
actuation temperature to achieve a purely austenitic phase may reach the glass transition
temperature and, hence, reduce the material properties of epoxy. Therefore, Wang's

numerical results are difficult to validate via an experimental study.

Chi-kin Poon . Chapter 2



Interfacial Behgyiours of Sétarr Composites 28
2.5.4 Interfacial Bond Strength of SMA Wire-Matrix Composites

2.5.4.1 Improvement Scheme of Interfacial Bond Strength

The bonding strength of the SMA-reinforced composites is an important factor that
controls the overall mechanical performance of a smart composite structure. Many
studies have reported that debonding may happen at a prestrained SMA wire/epo;(y
matrix interface when the embedded SMA materials are heated up [91,92 and 93]. These
phr-_:noinemi result in a reduction in the desirable strength of a smaﬁ composite,
particularly for pﬁrposes of structural buckling and vibration cqntrol. This is due to the
shortening of the effective stress transfer length of the structure. To functionally achieve
excellent controllability of an adaptive structure, there is no doubt that the bonding
quality of the SMA/matrix -interface is crucial unless mechanical fasteners or coupling

sleeves are used.

Numerous experimental studies _been devoted to enhancing the quality of the
bonding that occurs between the SMA inclusions and matrix materials to further improve
t}_lé reliability of this new .class of sxﬁart composites. Beckel and Sottos [94] conducted a
serious study of wire adhesion bn different substrates, such as the polymer matrix and
metal matrix. They examined the influence of hand sanding, sand blasting and chemical
etching on tﬁe SMA wire in order to improve the quality of the interface [95]. Gabry et
al. [96] revealed the surface treatments which, when applied strongly, modify the

external surface of the wire. They determined the parameters that characterize the

vertical distribution of the roughness and the wire morphology.
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In a more recent study, Umezak [97] fabricated the epoxy reéin plates embedded
with spiral SMA wire, which successfully demonstrated the ability.to control a crack
closure force of a smart composite structure with a crack formation. After Umezak’s
work, Lau et al. [91] developed a new configuration of an SMA actuator for structurél
reinforcement. The Bonding properties between twisted wires and epoxy matrix cylinders
were studied experimentally through microscopical and fractographical observations as
well as wire pullouf tests. However, Lau’s work focused only on the morphological
effect at room temperature -(before. the SMA actuatibn); thus, there is no way to

characterize the behaviour of interfacial debonding during the SMA actuation.

2.5.4.2 Theoretical -Analysis of the Strength of the Interfacial Bond

There is no doubt that using mechanical fasteners to fax both of the SMA actuators
inside a matrix can minimize or .<‘:ven eliminate interfacial debonding due to the over-
actuation of SMA or poor bonding quality between constituents. However, because the
installation of these mechanical devices may further increase the body load of the‘
cor_ﬁposite, additional machining and assembly procedures are a_lso necessary. This
ti_lérefore greatly reduces the flexibility of using SMA-composites from the design point
of view. As discussed in the previous section, there are many plausible, distinct solutions
to improw)ing the overall mechanical strength of an SMA-reinforced composite structure.
Except for the application of fasteners and/or a coupling sleeve, most of the other

methods require post-processing on the SMA inclusions in order to improve surface

roughness before the formation of SMA-composites.
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Figure 2.7 Schematic illustration of a composite plate embedded with
spiral SMA wire (after Umezak et al.)[97)
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Figure 2.8 Schematic illustration of the epoxy matrix cylinder embedded
with twisted SMA wire (after Lau et al.) {91]
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In order to expedite the design process including selecting materials, confirming
1deal actuation scenarios a_nd geometric relations between SMA actuators and the matrix, -
etc., it is crucial to develop a theoretical model that can estimate all of these parameters
in the design stage. In addition to the strong coupling between the SMA’s constitutive
models and internal stress distributions, the fracture mechanics of the interface in SMA-
composites is another critical problem that has to be solved prior to the success of the

design and fabrication of this novel material system.

Lagoudas and Tadjbakhsil (81] are pioneers who developed an approximate
cylindrical to transfer loads from the SMA fiber to the host medium, based on the
cylindrical shear-lag model ‘[98]. According. to this model, the axial strain of the host
medium and the partial shape recovery of SMA takes place through the deformation of a .
shear layer surrounding the SMA fiber (Fig. 2.9). Because of the constraints imposed by

the host medium, a self-equilibrated internal stress state will develop instead, and the

prestrain £, will only be partially recovered. The constitutive equations for the SMA

fiber and the cylindrical rod are given by

af=Ef%—Efep | (2.10)
o = m% (2.11)
r=Gm;3—a;V (2.12)
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fiber

fiber l / lo,+do,
laf+daf

Figure 2.9 Shear-lag model for transferring loads from SMA fiber to the
host medium

where Efis the elastic modulus of the SMA fiber in the austenitic phase, and E,, and G,
are the elastic modulus and shear modulus of the host medium, respectively. The axial
displacements of the fiber and host medium are denoted by w;(z, 6), w2(z, 6), respectively,
and of the shear layer by w(z,r 6. One may notice that the proposecl constitutive
équations only represent thé extreme case with a purely. austenitic phase _._through the
whole SMA actuator, which means that the recovery action due to the phase
transformation is totally completed at a high temperature. In addition, the thermal
expansion on the host medium was also ignored. This contradicts the assumption of a

completed austenitic phase. transformation that is normally achieved at relatively higher

actuation temperatures (7 > Tf ). Therefore, this approximate model can only simulate a

very limited “on” and “off” mode of operation of the SMA composite structures.
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Berman and White [51] addressed the problem of residual stress arising from the

difference in thermal expansion between the SMA and host material, and the stresses
generated from the SMA transformations during the fabrication process. In their studies,

a combined thermal and transformation expansion S, was proposed to simulate the

properties of embedded SMA wire.

_ET.)-£T)
"ﬂsm(f;) =TT (2.13)
with E(T) =1-i(T") (2.14)

rec

where £ and ¢, are the average wire strain over a given terﬁperature interval and
maximum recoverable strain, respectively. & represents the martensite volume fraction
and AT, is the temperature interval. They obtained the mechanical properties of SMA as |
a function of temperature by. first calculating' the martensite volume fraction £ as a

function of temperature and then using the rule of mixture relations:

Eou=SE, +(1-¢)E, | (2.15)
| Gy =Gy, +(1-¢)G, | (2.16)

where Esu4 and Gsay are the elastic modulus and shear modulus of SMA, respectively.
The parameters with subscripts of “M” and “4” represent the corresponding properties at
the purely martenistic and austenitic phases, respectively. In addition to the SMA
properti;cs, the thermal expansion properties of .epoxy coating were also constdered in the
model. Therefore, the influence of the shape memory effect and thermal expansion on
the development of internal stress can be estimated. Since their research focused on the

residual stress developed during a cooling down_ of the SMA composite from the
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processing condition, the hoop stress at the in.terface, arising from the difference in
thermal shrinkage between the constituents, was thus 'considered to be the critical stress
component that induced radial cracks in the surrounding composite. However, this model
can neither simulate the internal stress distributionsl in the wire direction nor the bond

strength of an SMA composite.

The modeling of internal stress distributilons is critically important for predicting
the performance of. SMA-gomposites, such as estimafing the maximum récovery stress
and modal properties of the whole composite structure, However, the influence of stress
distributions on SMA prépertiés (e.g., elastic modulus) has not been considered in
Berman and White’s works, which implies that there is nothing that can be used to
conduct a feasibility study. On the other hand, when wire is heated up for a shape change
or structural reinforcement, the wire will experience maximum strain and stress recovery
in the axial direction instead of in the radial direction. It is therefore more reasonable to
induce interfacial debonding 'in the axial direction rather than radial cracking in the

surrounding matrix.

] _In addition to the modéls developed by Lagoudas and Tadj bakﬁsh, and Berma;l and
White, some other research teams have used traditional models that were developed for
studies of conventional composite structures, in ordér to the determine the interfacial
strength of the particular structure. Gabry et al. [96) used Grezczuck’s theory [99] to
model the distribution of shear stress along the SMA wire. They gave the expression of

interfacial shear stress = as follows:

7(x)=F, —g—-[coth(af -L)cosh(a - x) - sinh(a - x)]
2xr
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(2.17)

with a= 2:rG'",: : - i J
ln(%) mr'E, =R'E,

where Gm-reprelsents the shear modulus of the matrix, and r and R refer to the radius of
the wire and matrix cylinder, respectively. £y and E,, are the elastic modulus of the wire
and matrix, while L is the length of the embedded wire. Certainly, this could be the
easiest way to estimate the distribution of interfacial shear stress along the wire(in x-
direction). However, they over-simplified the problem by using the elastic modulus of
SMA at the initial state in Eqn. \2.17 to predict interfacial shear stress. As a result, there

was no means to represent the effect of phase transformations on stress distributions.

Similarly, Moore and Bruck suggested a simple model that is associated with both
the loading arising from the recovery action of SMA wire F, and the strength of the

interfacial bond 7, as given below:

F,=2xr* [E, G Jr tanh(nl,/r) @2.18)

epoxy matrix

Figure 2.10 Evolution of the shear stress induced in the SMA fiber-
epoxy matrix cylinder (after Gabry et al. [96]).
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where G; is th¢ _intérfaéiai work of the fracture, Ef,z-md r are the elastic modulus and
radius of the SMA wire, ée répresents the length of the embedded wire, and » is a
function of the dimensional constants and material properties. In order to determine the
bond strength of the specimens embedded with SMA wire before any further

experimental study, a pullout test was performed to obtain the bond strength r,. The

corresponding maximum recovery stress was then calculated from Eqn.2.18. It was
found that the calculated result is much lower than the aam reported by the manufacturer
of the wires. Therefore, the bond strength was confirmed as strong enough to sustain the
maximum actuation -of SMA. However, both Eqns.2.18 and2.19 are definitely not
associated with issues of phase transformation. In the other words, they cannot be

directly applied to project the results of different actuation temperatures.

In a more recent study, Wang [89) proposed a simple model to estimate the
minimum volume fraction requirement of SMA wire in the composite patches to repair -
St;uctural damage. The specific requirement evaluated from the criterion of bonding
sueﬁgih is given as:

T
£, St (2.20)

SMA —
E g

where £, and Egsu, represent the prestrain value and elastic modulus of SMA, and T, is

he interfacial strength obtained from the pullout test. In the calculation, SMA had been

considered at another purely martensite or austenite phase corresponding to the stage
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before or after transformation. Again, this assumption over-simplified the behaviour of

SMA. It cannot represent the change in Egyy due to stress-induced martensitic
transformation (SIM) during the pullout test. Also, as previously discussed for the phase

transformation phenomenon of a strained constrained wire in a composite structure,

austenitic transformation has to be finished at a temperature much higher than T, — the

austenite finish temperature. Strictly speaking, it is almost impossible to achieve a purély
austenitic phase is for actuator-type SMA materials in the constrained condition.

Therefore, the ESMA_value 1s over-estimated in Eqn.2.20.

2.6 Summary

The problems discussed in the captioned paragraphs have highlighted a few of the
typical drawbacks of over-simplification in the formation of constitutive models and A
evaluation of interfacial bond strength. A failure to associate the internal stress
distributions -with SMA behaviour in the strained-constrained condition will lead to a
failure to develop an appropriate solution to predict the performance of SMA-composites
as well as make it difficult to carry out a study on their reliability. It is therefore critically
important to address these problems to provide the basis for a study of the design and

analysis of SMA wire hybrid matrix composites.
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Chapter 3

Internal Stress Distributions in SMA-Composites

3.1 Introduction

Research on the application of shape memory alloys in composite materials has
been gaining momentum over the past decade. Numerous designs and fabrication
processes of compo.site structures built-in with SMAs in the form of wires, short fibers,
thin film as well as particulates have been proposed by different research groups [102-
- 106]. Since the recovery action of embedded SMAs induced by elevated temperature
could change the modal properties and the mechanical responses of the whole structure,
the SMA-reinforced composite becomes one of the most attractive candidates of smart
structures for satisfying a wide variety of engineering requirements, Many papers have
examined SMA constitutive i‘esponse and hence the development of SMA-composites so
as to realize the control of shape change [106,107], buckling [108,109], vibration
[110,111], structural damage [112] as well as damping properties of structures [102]. In
;)rder to successfully devéldp these kinds of novel material systems, it is crucial to
qua.t;t.it—atively clarify the correlations between all the potential external stimulus,
actuation temperatures, evolutions of material properties and mechanical responses of

constituents.

Due to the changes of material properties as well as the modal response of actuated
SMA-composites, feasibility and reliability studies of those novel material systems
reasonably rely on the thorough knowledge of non-linear relationship between the phase

transformation criteria of SMA and the evolution of internal stresses. The principle aim
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of this chapter is therefore to develop a recurrence relation between internal stress

distributions and evolution of martensite volume fraction on the SMA during aétuation.
This theoretical model is developed based on the two sets of fundam‘ental governing
equations: the constitutive law for shape memory effect (SME) and basic stress-strain
relations for stress transmission throughout the constituents. Solutions of internal stresses
on constitueﬁts are therefore modeled with two distinguished contributions -of
thermomechanical effect and SME. Results indicate substantial changes of the internal
stresses in différent actuation and loading scenarios. Relationship between interfacial
sheaf stress and actﬁation temperature also.gives us important hints to predict the ideal
actuation temperature which is able to maximize the structural enhancement and
meanwhile avoid interfacial failure due to over-actuation. In addition, influence of
geometric factors on the development of maximum axial stress on SMA wire is analyzed
and presented in this chapter. Results are particular]y important for ensuring the |

utilization of SME for mechanical response improvement in the composite structures.
3.2 Fundamental Governing Equations

3.2.1 Constitutive Law of Shape Memory Effect

A simple SMA-matrix cylinder model, actuated by means of electrical resistive
heating as shown in Fig. 3.1, is employed to evaluate the correlations discussed in the
previous section. Parametric studies with different applied loads, actuation temperatures
and geometric factors are required to systematically evaluate the evolution of internal
stresses. In addition, constitutive law of the SMA is also necessary to be considered to

simulate the SME inside the model. In the past two decades, a fundamental constitutive
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model proposed and modified by Tanaka [64], Liang and Rogers [65] and Brinson [66]
has been extensively applied to study the thermomechanical behaviour [103,113] of
SMA actuators. Fairly good agreement between experimental results and theoretical
predictions has been reported in many literatures. Based on the pre-defined
thermomechanical history and the given initial conditions, the instantaneous material
properties and mechanical responses of the SMA are-readily determined from the
constitutive model using the information of applied stress and actuation temperature in
the particular moment. Therefore, mechanical responées or degree of shape change of the
SMA component can be predicted accurately in the design stage. However for the SMA-
polymer hybrid composites, dde to the stress transmission across interface between
constituents, information of stress add temperature on the embedded portion of the SMA
cannot be determined explicitly. Boundary conditions can only provide the exact values
of stress and temperature at the embedded ends (z = 0 and z = L). In the other words, |
instantaneous martensite volume fraction and hence the material properties and
mechanical response are only available on these specific positions. Therefore, it is
critical to develop a theoretical model, which is able to clarify the instantaneous
‘behaviour of constituents aleng the embedded lengih, for the prediction of internal

1

stresses of the SMA-composites.

In 1986, Tanaka [64] proposed a constitutive model to describe the
thermomechanical behaviour of ‘the SMA. Four years later, Liang and Rogers t65]
modified Tanaka's model by introducing a cosine function to represent the martensite
fraction as a function of stress and temperature during transformation, which agreed well
with numerous experimental results. However, due to the absence of variable for

differentiating the ‘twinned’ and ‘detwinned’ variants of martensite, there is no means to
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Figure 3.1 Schematic of SMA-matrix cylinder model with fixed
matrix bottom and external applied stress, g, on wire end in z-axis.

capture SMA material behaviour at T < M, when any temperature-induced martensite is
present. Brinson [65] addressed the problem by separating the martensite variable £ into
stress-induced & and temperature-induced & components in the modified model. The
resulting constitutive equation together with some necessary material functions are

summarized as following,

0-0,=E (5)e-E,($,)e, +QEE -Q(E)E, +6(T-T) (3.1
Q(f) = _ELEJ'(f) (32)
Ef(§)=§(EM—EA)+EA (33)
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Figure 3.2 Development of maximum residual strain, & at T < 7! (1-2-3) and
strain recovery path for temperature increased over T, and 0=0 (3-4-1).

where g, &, & and T, represent the values of stress, strain, martensite and temperature
at initial condition, respectively. E; £2 and  are modulus of elasticity, transformation
tensor and thermal stress coefficient for the SMA material. The maximum residual strain
&, which is also considered as material constant, can be achieved by using externally
applied load to convert all of the austenite or twinned martensite to detwinned martensite

#aT<T,

As schematically illustrated in Fig. 3.2, if the whole SMA wire is maintained at a

temperature-induced martensite state (i.e. & =1 or & = 0) in the stress free condition and

when the axial load is increased from zero (at point 1) to the critical stress ¢~ variants

cr

will start to detwin and hence a long plateau can be observed. Such detwinning process

completes at point 2 and the stress-induced martensite volume fraction increases to unity
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(& = & = 1) at the instant. Elastic strain will be restored upon unloading and only the

maximum residual strain, &, remains at point 3. Such residual strain may be recovered
through a thermal cycle 3-4-1 in a stress-frge condition. In the perfectly bonded
condition, it is éssumed that the strain of the enﬂ1bedded SMA wire is absolutely
constrained by the surrounding matrix. Therefore, the strain-constrained condition with ¢
= & = & has to be satisfied in Eqn. 3.1. Substituting Eqns. 3.2 and 3.3 into Eqn. 3: 1,

constrained recovery stress o, can be obtained as

0, =E, (), —£,4)+6(T-T,) (34)

where ¢, represents the prestrain value of the SMA' which governs the maximum

recovery stress due to austenitic phase transformation.

3.2.2 Stress-strain Relations Incorporated with SME

In addition to the actuation temperature,. numerous experimental findings have
conﬁrmed that the pre-strain value (or the residual strain after unloading), &, of the
en-_1t->edded SMA wire ﬁmdé.mentally governs the overall mechani_cal performance of the
SMA-composites. Therefore the value of &, which is a critical parameter to simulate the
recovery action inside matrix, has to be chosen carefully in the numerical modeling. As
an example, after cerfain unwanted cold works during manufacturing process or

transportation, it is npormally impossible to explicitly  determine  the
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Figure 3.4 Sequence applied to pre-strain a NiTi wire (originally with

unknown residual strain, £, ) to the desired residual strain, &,.
pre-strained value as well as instantaneous properties of the SMA. Therefore, it is
necessary to recover this residual strain and make sure that the pure temperature-induced
martensite state (§ = &7 = 1) is attained using a thermal cycle 1-2-3 as shown in Fig. 3.4.
For the simplicity, this specific thermal cycle is termed as ‘SMA reset-cycle’ in this
study. After the reset-cycle, the SMA wire will be loaded from point 3 to point 4 and
then completely unloaded to point 5. The residual strain & should be considered as the
final pre-strained level & and the stress-induced martensite volume fraction can be

estimated by using the following equation,

B s (3.5)

Figure 3.1 schematically illustrates that a prestrained SMA wire is embedded at the

center of a coaxial cylindrical matrix with total length L. Material properties of the SMA
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Table. 3.1 Dimensions and material properties of constituents for the SMA-composite. .

a b &’ & Ey. Ey E. ‘ Cy CM.

(mm) (mm) (%) (%) (GPa) __ (GPa) _ -(GPa)  (MParC) (MParC)
0.125 5 2 8 40 - 20 . 23 28 20
CLUSTI OLa<T¥) TS TR T T . o ¥ W
(MPa) (MPa) ) . (O (°C) (°C) 7 (MPa’°C) 7(°C)
120 200 40 75 33 3 5.5 25 033 035

employed as numerical examples are summarized in Table 3.1. DC power supply is
directly coqnected to _the wire ends so as to facilitat;e the resistive heating for SMA
actuation. It is also assumed that there is no temperature derivation along the wire, and
temperature differences between SMA and its surrounding matrix in both the transverse
and radial directions are ignored. Combining Eqn. 3.4 into the general stress-strain
relations of constituents, governing equations between_ stresses and strains for the

embedded SMA wire are given by

e;(r,z,oa,n;m[o;cz,aa,n—v,(o;(z,aa,n+a£cz,a.,,n)]—(s,,—eLei)-Ef-(zj"Tﬁ(T—f;)

.6)

s}’(r,z,q,.n=Fz{;—n[o;’<z,q,,n~vf(o;<z,o;,n+o;<z,aa,n)]+vf[e,,u—;,)+E—(2%—n(r—nn
A My FAStA" 1]

(3.7)

where C;'a represents the externally applied stréss acting on the SMA wire’s end (z = 0).
Recalling Eqn. 3.3, modulus of elasticity of the SMA Eq&) is a function & However the

martensite volume fraction £, determined by its thermomechanical history, is a function

of stress and temperature on the SMA. Obviously, axial stress on the SMA wire is
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dependent of applied stress g, and axial position z. Therefore Ef£) can be rewritten as
Efz,0,T) so as to highlight the evolution of & and hence the SMA’s material properties

inside the matrix.

Based on the 'assumption of constant temperature distribution throughout
constituents, when the SMA wire is actuated to temperature 7, the surrounding matrix -
should also experience the same temperature in the steady state. As a result, thermal

expansion on the matrix cylinder has to be considered to form the governing equations as

shown below
a::,(r,z,aa,n=E’~[o:(z,aa,n-vm(of,.(z,a,,maﬁ(z,amn)]w,,,(r-m (3.8)
s:(r,z,a,,n=E"—[o’,;;(z,a,,,7)—v,,(o:,(z,aa,'r)+o:,(z,aa,n)]+ﬂ,,,(r-2;) (3.9)

where f, is the thermal expansion coefficient of matrix material. v, and v, are the

Poisson’s ratio of the SMA and matrix respectively.

1

3.3 Evolution of Internal Stresses for 7<T, and o <o, (T)

The condition that the SMA wire and matrix remain in contact during the

deformation requires sﬁ(a,z,aa,T)=£: (a,2,06,,T) . Therefore, the interfacial radial

stress gz, o, T) arising from Poisson contraction between constituents is obtained by

450, )= alz,0,,TW,0,(z,0,,T)-v,0:(z 0, N+E (G (N)-v,G,(z2,0,,T)) (3.10)
a(z,o;,T)(]—Vf)+2y+l+v_ ,
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where

Ef(z,aa,,r)'%&('z,aa,f)(EM—E,QfE,. e
a(z,aa,T)=af—;m—m- (.12)
Ga(z,&a;T)=--§%+ap(§(m,n-n (3.13)
G(T)=f,(T~T,) SCRT)

| 7=bza_2a1 ' . (3.15)

It should be noted that & is a constant at T < T4 and o < 0,(T). As aresult, E;and ¢

should be considered as constants in Egns. 3.11-3.13. G;, and G, are products of the SME
and thermal expansion respectively. The general relation between interfacial shear stress,

7(z, 0, T) and axial strains on constituents is given as

dr(z,0,T) _aLis(6.2,0,T)-¢/(a20,7)] (3.16) |
dz (1+v,)[2° In@/a)- ') *

and using the assumption of average axial stresses on the SMA wire and matrix
respectively in radial direction, mechanical condition between externally applied stress

and internal stress distributions can be derived as

0, =050, T+~ o (2,6.,T) (3.17)
y
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where y (=a2/(b2-a2)) is a volume ratio of wire to matrix. To simplify the analysis it is

assumed that the axial stresses in the fiber and the matrix are taken as the average of the

fiber and the matrix stresses in the r-direétion, in which o;(z)= 2/d? J:a'} (r,z)rdr and

ol (z)=2y/a’ J: o, (r,z)rdr . This assumption is considered appropriate for the model

cylindrical composite having a fiber embedded in a relative large matrix as in a practical
fiber pullout experiment. It is expected in reality that the variatién of the axial matrix
stress with regard to the radial direction is substantial only near the fiber free end where
all stresé componenfs are concentrated, but it diminishes with distance away from this
region. In addition, the equilibriﬁm condition describing the stréss transfer between the

SMA wire and matrix is

Mz_?,w-’%n (3.18)
dz a

Combining Egns. 3.6, 3.8, 3.10, 3.1(_5 and 3.17, a second order differential equation for

axial stress on the SMA wire can be obtained by

9@ D=0, 1050, D+ G0, T, (2,0, N04 5.0, D pyz.0,T)  (3.19)

where y;, yrand s are functions of geometric factors, material properties, position in

axial direction, applied stress and actuation temperature and given by:

2¢[a(1- 2k(z,0,,T)v, )+ y(1~- 2k(z,0,,T)v, ]
E

m

w(z,0,7T)= (3.20)

Wz(z,cn,,T)=2€0[Ga(2,0,,,T)—G,,(T)—Qk(z,au,T)(G,.(T)+V;G‘,(Z,U,,,T))] - (3.21)
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29(2k(z,0,,T)v. - 1)
a(l-2k(z,0,,T)v, ) +y(1-2k(z,0,,T)v,)

y,(z,0,,T)= (3.22)

a(z,cr,T)vf +yv, : E
and ¢= . =
a(z,a,T)(l—vf)+2y+l+vm , (1+vm)[2}fb In(b/a)~a :’

where k(z,0,T)=

For the constant value of & wjand s are simply the constants with given geometric
factors and material properties. Also, y» represents the thermal effects on constituents

due to resistive heating of SMA.

Figure 3.5 shows a typical phase diagram for SMA materials. In a stress-free

condition, austenitic phase transformation will only occur when the SMA has been
heated to above the austenite start temperature — T/ . In addition, stress induced
martensitic transformation (SIM) can be initiated when the applied stress on SMA is

higher than o, (T) . Therefore, if the actuation temperature is controlled at T < T4 and

the applied stress on SMA is restricted below o, (T), both the ‘total’ and ‘stress-

induced’ martensite fraction, £ and & will remain unchanged. In the other words, the
constant material properties of SMA should be considered throughout the embedded
lé:ngth. Nonetheless, referﬁng to Eqn. 1, recovery stress is linearly increased with
temp‘erz.lture due to thermal elasticity (i.e. §T — T,)). Therefore, solving Eqn. 3.19 with

the following boundary equations,

0 (0,0, =0, (3.23)

o (L0, =0 (3.24)
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solutions of internal stresses ( o;(z,0,7T), 6.(z,0,T), t7(z,0,,T) and 1(z,0,,T))

atT< T4 and 0, < o, (T) can be obtained as following,

WD+, )sinhfy, 2+ (D +a, +,)sinhyy, (L-2)

0‘;(2,0',,,7'): . _(‘//4(7')""//30‘;) (325)
sinhyy, L
0, T.):_r{(%(f)ntw,cra)si"h\/v? zT(Wa(T)+a, +y,)sinhyy, (L—z)_w‘ N+, )0,)} (3.26)
sthyT,L

QTR Gl (7] lb.®+ui0, 40, oo -1 -G D+, cosmfpr7] (3.27)
- 2rsinh\/z L

T) — a‘JuTI[(Wq (D+Wlo-a +UG)COSW-VT:(L -'-Z)—(W‘ (T)+WJU" )COS w' Z] (3 28)

7.(z,0,, -
2sinh4 L

where yy = y/y; is also a function of actuation temperature. It is important to

emphasize that all of the y, are independent of phase transformation for T < T2. Plots of

axial stress on SMA wire, of(z,6,T) and interfacial shear stress, 7. at 25°C and 40°C are .

shown in Figs. 3.6 and 3.7 respectively.

In Fig. 3.6, solid line represents the axial stress t.)n SMA wire which is subjected to
a constant applied stress g, = 1GPa and T = 25°C. Material properties of SMA remain
unchanged at the instant. The plot indicates that the axial stress monotonically decreases
from loading end (z = 0) to free end (z = L). Definitely, identical results can also be
obtained by using the previously developed theoretical model [114] for internal stresses
of fiber-matrix cylinder with constant material properties of constituents. However, if the

wire has been heated to 40°C (< 74), axial stresses on wire will increase
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Figure 3.5 Typical phase diagram of shape memory alloy.

slightly along the embedded length except the two end points. This phenomenon is
independent of phase transformation but a result of thermal effect on both constituents —
recovery stress of SMA increases in linear manner with temperature (i.e. 47-7,)) and the
thermal expansion occurred in matrix. As shown in Fig. 3.7, the interfacial shear stress
monotonically decreases in z-direction at 7' = 25°C but increases slightly at z = L when

the temperature increased to 40°C.

Based on the results for 7 < 7* as shown in Fig. 3.6, it can be imagined that if the
SMA wire is heated to a temperature above T, in a no-load condition (g, = 0), austenitic
transformation is expected to start at both embedded ends where the axial stresses on
wire have to be zero as given in the boundary conditions (o7(0,6,7) = o, = 0, o/ (LT

=0). As a result, value of £is no longer to be a constant but decreases toward both ends.
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If an external stress is then apply on the SMA wire’s end (z =0), The SIM rhay occur

and start from loading end to converse austenite to stress-prefer variants again. In the
other words, the martensite volume fraction and hence the material properties of the

SMA should changé accordingly.

As previously discussed, the martensite volume fraction, ¢ is a function. of stress
and temperature. Considering that the SMA wire is subjected to a constant actuatidn
temperature (7 > T,) and if the stress values on wir_c at different axial positions ‘z’ can be
detérmined, the critical parameter ¢ and hence the material properties as well as

evolutions of internal stresses can be estimated.
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Figure 3.6 Plots of axial stress on SMA wire 07(z,0, 7). (for 0, = 1GPa; T
= 25°C and 40°C respectively)
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Figure 3.7 Plots of interfacial shear stress %z 0T). (for 0, = 1GPa; T =
25°C and 40°C respectively)
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3.4 Evolution of Internal Stresses for 7 > 7./

It should be noted that the material properties of the SMA wire and surrounding
matrix remain unchanged throughout the embedded length at T < T . Therefore,
referring to Eqn. 3.25 for the solution of axial stress on the SMA wire, the actuation

condition ‘T < T,J” is purposely specified to ensure the validity of such stress solution

with constant material properties. Although w7 and i are functions of temperature, the
governing parameter ¢ remains unchanged before the austenitic transformation.
Therefore, the linear elastic property of the SMA is: valid throughout the embedded

length.

Considering the SMA-matrix cylinder model in the microscopic point of view and
if the cylinder is divided into finite pieées of small elements with length Az = L/m as
shown in Fig. 3.9, derivations of internal stresses within an element are assumed
negligible. In the other words, both the internal stress and temperature are constants and
hence the constant martensite fraction can be determined for any single element. As a
resqit, the constant material properties can be substituted into Eqn 3.25 to calculat‘e the

appropriate axial stresses on the next element.

As illustrated in Fig. 3.9b, constant value of &, in the 1-st element can be obtained
from the initial condition of of (0, &G,T) = 0y and actuation temperature 7. Therefore the
con‘espdnding material properties of the 1-st element can be determined. Applying these
information (including o, T and &,) into Eqn. 3.25, it is able to calculate of(z,0,T) =
oy, which is the axial st'ress applying on the 2-nd element. Again, the values of o;, T and

€1 = ¢(z1,047) in the 2-nd element can be used to predict o7 and so on, Equation 3.25 is
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then reformed into a recurrence equation as in Eqn 3.29 to predict the appropriate axial

stress value for next element. If af(z, o, T) for the n-th element is lower than o, (T),

the martensite fraction remains unchanged. However, if ou(T) < af(zn0,T) < o/ (T),
the stress induced martensitic (SIM) transformation occurs and pure martensite state (&=

1) will be attained when of(z, 0, T) > o/, (T).
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3.4.1 Recurrence Relation

Applying the -concept of recurrence relation described above, Eqn. 3.25 can be

rewritten into following recurrence equation,

[0, DD, +wila, .,n]sxm[Jw(aw T [+ 4450110 4+l DS i TV 1) |
oy(z,,0,,7)=
smh[,fq/,(o;_,, DI{l- (n—l)/m):l

~w(0,.,Na,, +4(0,,, 1)

(3.29) |

where 67 (z», 0, T) (= 03) is the axial stress acting on the n+1th element and z, = n(L/m)
for n =1, 2...m. m is the total number of elements and controls the resolution of this

stress solution.

Considering that the SMA wire is actuated prior to the application of axial load on
wire end, the evolution of martensite volume fraction in z-direction should be evaluated

in the following sequence:

Step -a
SMA Actuation in No-Load Condition (o, = 0)
(Martensite — Austenite)

For Co(T-T;,) < 0f(2,0,T) < C4(T-T.) and T> T*

é,(?n,o,n=%{ocs[aA [T—z;:,'— J+1} (3.30)

& fr G.0D2C,(T-1) 331)

and ,0.7)=
0D, for - o ,,,o,n<c( ~T3)
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£ 0T)=¢, ~%<¢.,—fa(z,,,o,n) (3.32)
s‘h(z,,,o,n=:r,,—%(¢,, ~£E0T) (3.33)
Step - b

Axial Stress Applied on the Actuated SMA Wire

(Austenite — Martensite)

For 0y + Cu(T-T¥ ) < 0f (20 0uT) < 0. + Co(T-T¥ ) and T > T

. 1-¢,(2,0.7) 1+£,,01
rfw(zn,aa,?): z ‘m{a;f oi[o;(z,,,q,,n-a;;—cu(r-r;’)]} (3.34)

2 2
£u207) _ 35
Etn( O'mT) éra( n! sT) } fm( ”,07)[ ;0'.,,7') f,,,(z,,,O,T)] (3 )
é(zn’aa!n=¢:b(zn’o:l’n+¢n(zn’aa’n - (336)

where the total martensite volume fraction, ¢ equals to &(z,0,7) for g, = 0 and
$(zn 0a T) for g, > 0. In step-a, &, &, and ;’;r_,, represent the evolution of total, stress-
induced and temperature-induced martensite volume fractions respectively on the SMA
wire under iero applied stress (g, = OGPa) and constant temperature (T > T/). In _
accdrding to the predefined loading scenario, external load will be applied on the SMA
wire end until the constant temperature has been reached throughout the SMA wire.
Therefore, &(2,0,T), &u(22 0T and ¢12(200,T) should be considered as initial values in
step-;b to predict the evolution of martensfte fraction .due to externally applied stress o,
Using the boundary condition of of(0,0, T) = ¢, = o, as an initial value in the captioned
recurrel;lce relatioﬁ Eqn. 3.29, g, can be obtained and then substituted into Eqns. 3.30 —
3.36 to estimate the corresponding value of &z, 6,,7) and hence the parameters iy, o,

s and . As a result, Eqn. 3.29 is considered as solution of axial stress for 7 > T It
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has to be emphasized here that all the parameters (i=1,2,3,4) are the complicated
functions of material properties, geometric constahfs,‘e#témally applied stress as well as
actuation Vtemperature. Using the equiliﬁriufn. Cbn_ditioh expressed in Eqn. 3.18, solution

of 7 can be obtained by differentiating of with respect to z as shown below,

I (Db G o L) G R C o (Y ey Yy e
1(z,.0,.T)= Zsinh{{yy(a, . LD m)]

(3.37)

3.5 Stress Distributions in Constituents

3.5.1 No-Load Condition

Figures 3.10 and 3.11 illustrate the distributions of axial stress, 67 (2, 0,T) on the
SMA wire and interfacial shear stress, 7/(z,0,T) in a no-load condition, T, = 25°C is
considered as initial tefnper_ature for both constituents. The actuation temperatures of
40°C, 60°C and 80°C are employed to compare the influence of recovery action on the
internal stress distributions. Referring to Eqn. 3.17, of and o, are linearly co-related
with a constant coefficient of ¥ These two stress componénts act in opposite directions
for Ao;, = 0 so as to satisfy the equilibrium requirement. It is therefore reasonable for of
and o, to have similar distribution profiles but develop with opposite sign. Therefore

only the plots of o7 (z, ¢, T) and 7(z,, 0., T) are presented in this study.

According to the restrictions specified in boundary conditions, both the loading and
embedded ends of the SMA wire are subjected to zero axial stress. The maximum axial

stress for different actuation temperatures is found at a mid-point of embedded length,
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Figure 3.10 Plots of axial stress on SMA wire 07 (z,0, 7). (for 0, = 0GPa; T
=25°C, 40°C, 60°C and 80°C respectively)
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Figure 3.11 Plots of interfacial shear stress 7(z, 0, T). (for o, = 0GPa; T =
25°C, 40°C, 60°C and 80°C respectively)
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which implies that the highe_st stress recovery due to SMA-actuation can be attained or
the maximum reinforcement can be achieved at the center proportion. One may notice
that the recovery action should only start when temperature is increased upon 7.
However due to thermal -expansion of both constituents, axial stress on SMA wire is
increased slightly at 7' = 40°C (<T%). Problem of matrix material softening due to the
high actuation temperature is beyond the concern of this study. Therefore, the actuatién
should be restricted below the glass transition temperature of T, (~120°C for epoxy) and
a reasonable range of operation temperatures (up to 80°C) is employed toAfacilitate the

numerical examples in this study.

Plots of the interfacial silear stress distribution in no-load condition are also shown
in Fig. 3.11. When the SMA wire is heated up, increase of interfacial shear at both
embedded ends can be founci in the same magnitude but opposite direction. The highest -
magnitudes of 7(z,, 0, T) at both ends diminish toward the center of embedded length.
Therefore, the interfacial crabks tend to start instantaneously from the two ends while the

shear stress at z = L/2 is always zero.

3.5.2 Constant Load Condition

It is assumed that the embedded SMA wire is firstly heated to a target temperature
7 and then an axial load o, is apelied on the SMA wire end. Solution of axial stress on
SMA Qire obtained for the no-load conditién could be used as initial condition to
evaluate the influence of external load on the steadily actuated SMA-composite. Plots of
07 (20 0aT) and 7(2,0,T) for SMA-matrix cylinder subjected to a constant applied

stress, o, = 500MPa are shown in Figs. 3.12 and 3.13. When the actuation temperature is
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Figure 3.12 Plots of axial stress on SMA wire 07(z, 0, 7). (for o, = 0.5GPa;
T =25°C, 40°C, 60°C and 80°C respectively)
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Figure 3.13 Plots of interfacial shear stress %(z,0,7). (for 6,=0.5GPa; T =
25°C, 40°C, 60°C and 80°C respectively)
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relatively low (T = 40°C < T.2), axial stress drops monotonically toward the embedded

end. If the wire has been heated to a 60°C, axial stresses along the wire are generally
increased except the two end points. However, when the actuation temperature is
increased to 80°C, applied load cannot dominate the stress distribution. The highest axial
stress still appears on the center portion (0 < z < L) instead of iroading end (z = 0).
Referring to Eqn. 3.18, interfacial shear stress, 7; is fouﬂd directly proportion to the slope -

of axial stress, of. Therefore, any change of of can be reflected in the solution of 7.

Figure 3.13 shows that the 7 at loading end could be reduced by over 50% (from
82.2MPa to 40.4MPa) when the SMA wire has been heated from 25°C to 60°C. This
moderation in interfacial shear can effectively delay the start of interfacial crack. When
the actuation temperature has been further increased upon 80°C, moderation of 7 at
loading end (z = 0) could be increased substantially and 7; becomes the highest at free
end (z = L). The prediction shows a high potential for interfacial debond start at free end
instead of loading end in a high actuation condition. This potential problem is therefore
deﬁned as a risk of over-actuation. When the actuation temperature is increased to a
leve'lcbgtween 40°C and 60‘°C, interfacial shear at both ends (L, 0, T) and (0, c‘ra,T)
should be more or less the same. In such particular situation, interfacial shear stress is
moderated but can also avoid the starting of iﬁterfacial crack at free end due to over
actuation. It is defined that the SMA-composite which is heated to the specific actuation
temperature 74, so that the identical value of 7 is attained at both embedded ends (i.e.
t(L,0aT) = 1(0,0, 7)), is operated in an optimum actuation condition (OAC).. If the

activation temperature is higher then Toy, the composite is considered as over-actuated,
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As previously discussed, part of the SMA wire experiences austenitic

transformatidn due to resistive heating. However, when the externally applied stress is
relatively high (o, > o, (), stress induced martensitic transformation will start in part
of the SMA wire. Considering that the wire has been Heated to 60°C and then an axial
load of 1GPa was ﬁpplied at wire end, the axial stress distribution with a ‘step’ change
nearby the loading end can be observed in Fig. 3.14a. This change can be explained by
using the phase diagrmn in Fig. 3.9a. If g, is increased to 1GPa at T = 60°C, the loading
path passes through the 0.(T) and a’(T) and eventually reaches the 100% martensite
zone. Plots of o7 in 58°C and 62°C actuation tcmperatiire are employed to highlight the
evolution of this change. Part-pan of this sudden change is enlarged and shown in Fig.

3.14b. When of < o,(T) for 0.25mm < z < 3mm, material properties of SMA wire in
this region remain unchanged and the SIM only starts until of(z, 0, T) > o (T) and

finishes at o/ (T} . Therefore, the martensitic transformation should be completed in the

range of 0mm < z < 0.1mm and the material properties become constants for z > 0.2mm.
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Figure 3.14a Plots of axial stress on SMA wire of(z, 0, T). (for o, = 1GPa;
T'=25°C, 40°C, 60°C and 80°C respectively)
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Figure 3.14b Part-pan of axial stress 07(z,0,,T), which highlights the effect
of SIM in internal stress distribution.
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Figure 3.15 Plots of interfacial shear stress %(z,0,T). (for 0, = 1GPa; T =
25°C, 40°C, 60°C and 80°C respectively)
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Figure 3.16 Plots of axial stress on SMA wire 07(z,0,7), for T = 60°C; L =
3mm, 10mm and 30mm respectively. Axial stresses are saturated at 0.226GPa

for long embedded length.
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3.6 Constant Axial Stress Development

In order to highlight the shape memory effect on internal stress distributions, short
embedded length (L = 3mm) was employed in the previous é.nalysis. However, the stress
distribution profiles have not been fully developed in such short embedded length,
Considering the plots of internal stresses under actuation temperature 60°C for the L =
3mm, 10mm and 30mm respectively as shown in Fig.. 3.16, where L, = 7L is the
normalized embedded length employed for qualitative comparison between the plots, the
results élea.rly indicate that when &/a = 40 and L = 30n;m, a long plateau region at about
0.226GPa occupies over 80% of embedded length bu.t only about 40% of embedded
length reaches the s’ame plateau for L = 10mm. Obviously, the one with L = 3mm can
never touch the plateau. It implies that if the embedded length is long enough, maximum
recovery stress on the SMA wire for the corresponding actuation temperature can be

attained inside a composite and hence the stress recovery induced in the SMA can be

fuily utilized to improve the mechanical responses in composite structures.

~ Referring to the symmetric profiles obtained in Fig. 3.16, of at z = L/2 should be
cbn'sidered as the maximum stress value. Therefore, in order to estimate the minimum
re'qui}éa embedded length for achieving maximum axial stress inside a composite due to
SMA actuation, it is crucial to evaluate the relationship between of(L/2,0,7) and L as
illustrated in Fig. 3.17. For T = 60°C, axial stress on the SMA wire saturates at the
maximum value of 0.226GPa when L > 10mm for d/a = 40. Similarly, when the
embedded length is fixed at 30mm, saturation of maximum axial stress will occur for b/a

2 25 as illustrated in Fig. 3.18.
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Figure 3.17 Plot of maximum axial stress on SMA wire o7 (L/2,0,T) versus
against total embedded length L for b/a = 40.
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Figure 3.18 Plot of maximum axial stress on SMA wire 07 (L/2,0,T) versus
against b/a ratio for L = 30mm.

Chi-kin Poon

Chapter 3



Interfacial Behaviours of Smart Composites : ) ' 69

3.7 Sumniary

In this chapter, evolution of martensite volume fraction due to SMA actuation and
applied load had been predicted by using recurrence relation between axial stress and
position z along the wire. This prediction clarified the SMA’s material properties along
the embedded length. Under the constant load condition, identical values of interfacial
shear stress 7 at two embedded ends (z = 0 and L) can be attained at the specific
actuation temperature. This specific actuation mode, defined as Optimum Actuation
Condition (OAC), ehsures the moderation of intérfacial shear at loading end and avoids
interfacial debond due to over-actuation. Physical meanings and development of

analytical solutions for OAC will be further discussed in Chapter 7. When the externally

applied stress is higher than critical stress o, (T), ‘step-shape’ stress distribution profile

is found in the solutions of of and 7. This is the result of stress induced martensitic
transformation (SIM) of actuated SMA wire. It should be noted that the changes of
martensite volume fraction and hence the material properties due to the SIM do affect the

stress transfer throughout the matrix cylinder.

; _In addition, effects of tptaI embedded lengths, L and wire-matrix radius ratic;, b/a
on the development of maximum axial stress were also investigated. Results confirm the
increase of maximum axial stress with the increase of L or b/a ratio. Also, the minimum
values of these geometric constants required for achieving maximum axial stress on the
SMA wire can be predicted. This prediction is particularly useful for ensuring constant
internal stresses and material properties of embedded SMA can be attained. Performance
of the SMA composite, after modification of its modal properties, can be determined by

simply considering the constant properties of matrix and SMA inclusions only.
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Chapter 4

Effect of Loading-actuation Scenarios

4.1 Introduction

This chapter focuses on the influences of loading conditions and actuation modes
on evolution of material properties and internal stress distributions in SMA-reinforced
con}poéites. Despite the effects of loading-actuation scenarios on tﬁe composite
structures and due to the stress transmission between the SMA wire and its surrounding
matrix, it is basically impossible to achieve the so-called ‘uniformly distributed’ internal
stresses along the SMA inclusions and matrix. For a typical SMA-composite material
with the embedded prestrained SMA wires in the longitudinal direction, when a wire is
subjected to an externally applied load at its embedded end, different sections of the wire
are probably suffering different levels of internal stress and hence response differently to-
the applied temperature. Based on the specific thermomechanical properties of SMAs,
the fundamental parameter ~ martensite volume fraction which determines the status of
phgée transformation, is defined as a function of stress and temperature. Both the
modillus of elasticity and constrained recovery stress can be clarified by using the
instantaneous values of stress-induced and temperature-induced martensite volume
fractions. Changes of these relations can be simulated by using many previously
proposed constitutive models; and the phase transformation temperatures that govern the
start ar;d finish of transformation processes-are cleaﬂy presented in a typical phase
diagram as shown in Fig. 3.5. In the other words, based on the known values of stress

and temperature on a piece of SMA material, its material properties and mechanical

responses are readily estimated by using those constitutive models. However, for the
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embedded SMA wire, internal stresses cannot be explicitly determined. Therefore, we
need to clarify the coupled relation between the internal stresses and the martensite

volume fractions prior the prediction of SMA’s material properties and mechanical

responses.

Numerous theoretical models have been proposed for the prediction of ideal
prestrain values, volume ratio between wire and matrix, orientations of SMA inclusions
as well as the desired actuation temperatures so as to optimize the performance of SMA-
composites. For the simplicity, material properﬁes ~of constituents were normally
assumed as constants in the feasibility smdiés of SMA reinforced structures. The SMA
inclusions were considered as in either purely martensitic or purely austenitic state
throughout the embedded length. Using this simple idea, predictions of modal properties
as well as the mechanical responses of the actuated SMA-composites have been reported

in humerous literatures in the past decade.

Due to the different applicat_ion purposes, composite structures are probably
subjected to different types of mechanical loadings. Three types of typical loading
coﬁd__ipiqns are therefore idéntiﬁed 'and applied on the SMA-matrix cylinder model in
order to study their influences on internal stress distributions. Obviously, rwhen the
embedded SMA wire is subjected to constant actuation, axial stress on the SMA wire
should not be a constant even for the no-load condition. Therefore, martensite volume

fraction could be changed along the embedded length at different loading conditions.
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Figure 4.1 Two possible loading-actuation scenarios for the applications
of SMA-composites. (Mode-a: Loaded then actuate; Mode-b: Actuated
then load)

Referring to the loading-actuation paths (Mode-a and Mode-b) as shown in Fig.
4.1, the total martensite volume fraction & must be equal to 1 at destination point 1.
However, values of £ are definitely not the same at point 2 for different loading and
actuation sequences. Therefore, except loading conditions, sequence of loading and
actuation can also influence the effectiveness of phase transformations in SMA and

hence the mechanical responses can be totally different.

4.2 Effect of Loading Conditions on Internal Stress Distribution

4.2.1 Typical Loading Conditions

Depending on the application requirements, there are many possible loading
methods which may lead to the failure of composite structures. Therefore, it is crucial to
study the influences of typical pull-out loading conditions on the internal stress

development inside a composite. With the knowledge on this critical issue can help to
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Figure 4.2 Schematics of pull-out loading conditions for the SMA-matrix

cylinders. a) Type I: the fixed matrix bottom, b) Type II: the fixed matrix and

SMA wire bottom and c¢) Type III: the restrained matrix top.
decide an appropriate configuration for experimental study of interfacial properties, such
as the required size of fiber-matrix specimens and the ideal loading method. Especially
for a composite hybridized with functional materials — shape memory alloys, which is
usually designed for tackling several specific engineering requirements, evolution of
material properties and the effectiveness of SMA actuation can be directly affected by
the loading conditions. Therefore, it is necessary to clarify the influence of loading
methods on stress development in the constituents which in turn control the mechanical
response of the actuated SMA and the debond stresses. Three types of typical loading
methods have been identified as shown in Fig. 4.2. Both types I and II have a free matrix
top at the loading side while it has been restrained for type III. Doubtlessly, the type I
and type II loading conditions are more appropriate to be employed for describing the
condition when a matrix crack propagates in the perpendicular direction of wire-matrix
interface. However, type III is frequently used in fiber pull-out tests for traditional fiber-
matrix composites. Therefore, there is an urged need to clarify the requirements that
ensures the validity of type III loading condition being used in experimental studies with

the SMA actuation. In this chapter, it is assumed that the SMA-matrix cylinder model is
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subjected to a constant axial stress on wire’s end before actuation unless otherwise

specified.

Figure 3.1 shows the type I loading condition being used to study the internal stress

evolutions in the constituents. Therefore, Eqns. 3.25 to 3.28 should be considered as

solutions of internal stresses for T < T and o, < o} (T) . However due to the

differences in loading methods, equilibrium condition Eqn. 3.17 is only valid for type I

and IL It has to be changed for type III as given below

yoi(z,0,,T)+ol(z,0,,T)=0 4.1)

Substituting Eqns. 3.17 and 4.1 into 3.16 for types 1&II and type III loading methods
respectively, the second order differential equations for axial stress on the SMA wire are

obtained as

a}'(z, .0 =y, (z,0,,T)0;(z,0,,T)+y,(z,0,,T)y,(z,0,,T)c, +y, (z,0,,T) (4.2)

for types I and II, and

ol (z,0,T)= v.(z,0,,T)0i(z2,0,,T)+y,(z,0,,T) (4.3)

for type I1I. Referring to the loading methods specified in Fig. 4.2, boundary conditions
for the corresponding types of loading are readily identified and summarized in Table
4.1. Applying these boundary conditions into Eqns. 4.2 and 4.3, solutions of axial

stresses and shear stresses on constituents and at interface are given by
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_WwD+ypo, +o, Yeosh Jy (T)(L-2)

0;,(2,0,.T) wosh o L ~W(N+y0,) (4.4)
0:2(z,q,,7')=—7(w4(ﬂ+wa+%){M } (4.5)
cosh i L

)= ¥ -\, [(%(T)W,G.,Wa)shﬂl\fu? (L—Z)] (4.6)

(50 2r | cosh \/y? L
inh i, (L—
(60 G’T)_a ;L/,[(Wq (D +y,0,+0,)s \/_( z)] @)
coshyfy, L
for type II and
0 (5,0, 7) = LD @)sinhlyi (L2 +y Dysiny vi_, 48
sinh.fy, L :
of,;(z,a,,n=—r["‘”‘m+"“)sm""’".(D(L“z)“’"mﬁ“hﬁz—m(nJ (49)
sinh,fi, L
2 cosh.fy, (L-2)- sh -
r o0 P [(w(D)+o) JT;'( 2)-y,(T)eo W.Z]_ 4.10)
2r sinh fiy; L
hJy (L- h
o=k v, LD +0,)cosh Jyr (L-2) =y, (Doosh i amn
sinh. i, L

for type III. It should be noted that Eqns. 4.4 to 4.11 represent the solutions of internal

stress distributions for 7 < T only. Recalling the discussion in Section 3.4 for the
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evolution of material properties and mechanical responses of the embedded SMA wires,

Eqns. 4.4 and 4.8 have to be rewritten into the following recurrence equations,

W (0, 4o, Do, +a,_, )eash (g, ,, DLA-n/ m)

07,(2,,0,,T)= COShJM(O‘H,DL(I —(-1)/m) ”(‘/14(0' w1+ (o, . T)o,)
| (4.12)
Ojl(z”,o;,]’),—_(%(a ;s])+0')5"’11 W(O'H’ L(l n/m).‘-% I’T)Slnh W(G"-I, (L/m) ‘(O;,_I,T)
sinh (.., (1 = (n—=1)/m)
(4.13)

Here, Eqns. 4.12 and 4.13 repro&uce the.evolutions of axial stresses on the embedded
SMA wires in type II and III loading conditions respectively. The parameter n represents
the n-tﬁ element in z-direction and m is the number of elements which controls the
resolution of the predicted results. As illustrated in Fig. 4.1 for the possible actuation
modes of the SMA-composites, substantial difference in the internal stress evolutions
may be obtained for the same type of loading condition but different mode of actuation.
In order to highlight the influence of loading methods in the current section, the SMA

wires are assumed to be subjected to a constant applied load prior to the SMA actuation.

4.2.2 Evaluation of SMA’s Material Properties

4.2.2.1 Evolution of Martensite Volume Fraction

Substituting oy (zs, 0. 1), 05°(2n 0a T) and ag*(zn 0, T) into Eqns. 3.30 to 3.32 for
type I, II and III loading methods respectively and using a constant value of o, (# 0),

evolutions of martensite volume fraction &, &, and &3, can be estimated. Since the
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recovery action of embedded SMA éould be restricted by its surrounding matrix,
stiffness of matrix is certainly taking an important role in the effectiveness of stress
transmission in constituents. Depending on the dgsign purposes, prestrained SMA is
sometimes embedded into an elastomeric material with modulus of elasticity E,, =
5.51MPa [88] for shape change control or sometimes employed as an actuator inside a
hard substrate (Aluminum) with E, = 69GPa [90] so as to achieve structural
reinforcement. Epoxy is the typical matrix‘maierial for composite structure and its
modulus of elasticity is normally around 2 to 4 GPa. Therefore the parametric studies
with E,,, = 0.1GPa and 2.3 GPa are considered in the plots of martensite volume fraction
against L-z in Figs. 4.3 td 4.5 u1 order to demonstrate the effect of m_atn'x stiffness on

phase transformation of the embedded SMA.

Plots a and b in Fig. 4.3 highlight the influence of externally applied load, &, on
evolution of total martensite volume fraction, & with E,, = 0.1GPa while the results for
£ = 2.3GPa are shown in plots ¢ and d in Fig. 4.3 to 4.5, Considering Fig. 4.3 for type-I
loading method and mode-a actuation (la-condition), due to the austenitic phase
transformation at high temperature, the decreases of & with the inc;easeA of the

tehiperature can be generally observed in all four plots. Although recovery force can also
bé generated in low actuation levels (7,< T < T,,%), phase transformation will not start
and ¢ remains unchanged lfor 40°C in all cases. This recovery action is in fact the result
of thermal expansion instead of austenitic transformation. Therefore, the changes of £
will onlj} start at T> T,,”. When T = 60°C, ¢ decreases to 0.5 and 0.65 at free end (z = L)
and loading end (z = 0) respectively, while the ¢ is reduced to 0.82 only at around the
center portion. The reason for having this uniformly distributed martensite volume

fraction is the fact of uneven stress distribution in different loading conditions. Both the
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Table 4.1 Boundary conditions for type-I, II and IlI loading conditions

Typel Typell _ Type 111
c,(0,0,,T)=0, 0,(0,0,T)=0, o,0,0,,T)=0,
o,(L,c,,T)=0 o (0,0,7)=0 : o,(L,o,T)=0
0.(0,0,,T)=0 0.(0,0,,T)/y=-0,

boundary condition and matrix stiffness govern the stress development in constituents.
For example, at the free end (z = L) in type-I loading condition, austenitic transformation
will alWays start and finish at T}, and Ts". Referring to the phase diagraﬁ as shown in
Fig. 3.8a, when ;=0 GPaand 7= 60°C (= (T, + I},,“’)/Z ), 50% of original quantity of
martensite should transform to austenite. Similarly, since the loading end (z = 0) is
continuously subjected to an axial stress 0.1GPa, the austenitic start and finish
temperature will shift to 49.6°C and 79.6°C respectively. As a result, the value of fatz =

0 is reasonably reduced to 0.65 instead of 0.5 as illustrated in Fig. 4.3a.

In addition, since the recévery action is restricted by matrix cylinder, the
temperature induced recovery stress is then increased at center portion. The austenitic
phase transformation is resisted by its self-recovery action and only a small amount of
martensite can change to austenite. It is for sure that the ability of M A transformation
in the embedded proportion can be improved by using higher actuation temperature. But
this improvement for a composite with hard substrate is relatively poor as indicated in
Figs. 4.3c and d with E,, = 2.3 GPa. Referring to the plots for 60°C and 80°C, one may
notice that the values of ¢ are relatively consistence along the embedded length.
However the reduction of & is much lower than that in the case with soft matrix even for

the same actuation temperature. This observation convinces the possibility of the SMA
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wire to attain constant material propertieg-_ over the embedded proportion and the
maximum value of £under actuation can be .c.li:f’ference for &ifferent matrix materials,

It should be noticed that only'the free end point can exhibit'phase transformation
effectively while the relatively high axial stress loading side (0 < z < L/2) resist the
transformation. Therefore, the profile of &-distribution is not symmetric about the center

point (z = L/2) but shifts slightly toward the loading end.

Figure 4.3b shows the distributions of §'in SMA-matrix cylinder with ¢, = 0.5GPa
and‘E,,, = 0.1GPa. The axial stress on the SMA wire is too high to start austenitic
transformation at loading end. Therefore, £ remains unchanged 'at the loading side and
starts to decrease 'moﬁotom'cally until L — z < 6mm. Due to stress free requirement at z =
L, although the applied stress is four times higher than that in plots a and ¢ of Fig. 4.3, £
is reduced to 0.5 again at 60°C. Similarly, purely austenitic state can be reached at free
end for T = 80°C. Constant values of & for T = 60°C and 80°C at center portion of
embedded length can be obéeﬁed as shown in Fig. 4.3d. Comparing the plots between
Figs. 4.3¢ and d, the two plots exhibit the same profile on the free end side. Since the
hard substrate ensures the effective stress transmission between the SMA wire‘ and
rr;a-trix,- the applied load on the wire can be transmitted to the matrix effectively. As a

result, effect of axial load on phase transformation is not significant at free end side.

Figures 4.4 and 4.5 present the & distributions in type-II and III loading methods
respecﬁvely. Theoretical predictions for typé-III_ loading and mode-a actuation (Illa-
condition) are more or less the same as those in Fig. 4.3 for the similarity between type-I
and III loading methods. Substantial difference of ¢ distributions can be observed in Fig.

4.4, Based on the fixed wire and matrix bottom ends requirement, the highest axial stress
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arié;ing from SMA actuation appears at z =L. Asa result, in a low-load condition (Figs.
~ 4.4a and c), the austenitic phase transformation can take place gffectively at loading end
instead of embe;lded end. Therefore, & drops to 0 at z = 0 while it maintajns at 0.65 at z
=L If' the SMA wires were pre-loaded to ¢, = 0.5GPa and then heated to 60°C (Figs-.
4.4b and. d), both the embedded and loading ends are subjected to high axial stress. As a
result, phase transformation temperatures are increased énd only small amount of

martensite at embedded end can change to austenite.
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Figure 4.3 Evolutions of martensite volume fraction on the embedded SMA wire in
type-I loading condition and mode-a actuation. a) E,, = 0.1GPa and &, = 0.1GPa; b)) Es
= 0.1GPa and g, = 0.5GPa; ¢) E,, = 2.3GPa and &, = 0.1GPa and d) E,, = 2.3GPa and
o, = 0.5GPa.
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Figure 4.4 Evolutions of martensite volume fraction on the embedded SMA wire in
type-II loading condition and mode-a actuation. a) E,, = 0.1GPa and &, = 0.1GPa; b)
E, = 0.1GPa and ¢, = 0.5GPa; ¢) E,, = 2.3GPa and o, = 0.1GPa and d) E, = 2.3GPa
and o, = 0.5GPa.
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Figure 4.5 Evolutions of martensite volume fraction on the embedded SMA wire in
type-III loading condition and mode-a actuation. a) E,, = 0.1GPa and ¢, = 0.1GPa; b)
E;n = 0.1GPa and o, = 0.5GPa; ¢) E,, = 2.3GPa and o, = 0.1GPa and d) E, = 2.3GPa
and o, = 0.5GPa.

Chi-kin Poon Chapter 4



Interfacial Behaviours of Smart Composites _ 84

4.2.2.2 Evolution of Modulus of Elasticity

It is emphasized here that the modulus £ given in Eqn. 3.11 is assumed to be a
linear function of the martensite volume fraction in the Tanaka [1] and Liang and Rogers
[2] as well as Brinson’s [3] constitutive models. Based on the proposed recurrence
relation for evolutions of martensite volume fraction, distributions of modulus E; ann;g

‘the SMA wire for types I, II and III loading conditions are readily determined by

substitﬁting Eras £20 and &3, into Eqn 3.11.

Plots of Eg,, Epq and Eﬂa are shown in Figs. 4.6, 4.7 and 4.8 respectively. They
reproduce the actual status of embedded SMA wire in different conditions of loading and
actuation. Due to the linear relation between Erand &, it is not surprise for Esplots having
similar distribution profile as & in different temperatures. Figure 4.6 shows the Er
distribution in Ia-condition. Since austenitic pﬁase transformation occurs effectively at
the two embedded ends in low-load condition (o, = OGPa) and also the modulus of SMA
in apstenite state is much higher than that in martensite state (E; = 40GPa and Ey =
2OGPa), the plots of E; distribution are the curves opeﬁing upward. This implies that the
embééded SMA wire may not be stiffened effectively especially for the composite with
hard substrate. Considering the plots in Fig. 4.6a and 4.6¢, when T = 80°C, modulus Ef
can be increased to 32GPa at z = L/2 for E, = 0.1GPa while it can only be raised to
25GPa for E,, = 23GPa. In terms of modal propertiés improvement, effectiveness of
SMA actuation is definitely rely on the matrix stiffness. Figures 4.6a and b show the
plots for o, = 0.5GPa. When E, = 0.1GPa, modulus £;at 7 = 80°C decreases
monotonically towa_rd the loading end. However, if the wire has been heated to 60°C,

first half of the embedded wire remains soft with Er = Eyy = 20GPa and start to be
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stiffened until L ~ z < 6mm. Similar results including a long plateau can be observed in
Fig. 4.6d. It implies that the SMA wire is relatively difficult to exhibit austenitic phase
transform when it is embedded inside a hard substrate, Similarly, Figs. 4.7 and 4.8 show
the predictions of Er evolution in Ila and illa conditions. Changes of Ep, and Ep,

distributions can be explained from the corresponding £ evolutions.

As previously discussed for the predictibn of mechanical responses of the SMA- -
reinforced comﬁosites, modulus of elasticity of SMA inclusions is normally assumed to
be uniformly distributed inside the matrix. Based on the proposed recurrence relations in
this study, plots of £ dist.ributio.ns presented in Figs. 4.6 to 4.8 strongly disagree with
that assumption. However, both £ and E; evolution plots demonstrate the possibility for
attaining plateau states in some specific configurations. It motivates the study of
appropriate geometric relations between constituents for _achieving constant material
properties of SMA inside a composite. It is crucial to emphasis here that even though_the
constant SMA properties can be attained, the values of & and E; inside a coniposite
should always be lower than those predicted for a SMA wire without embedment. It is ‘_
due to the recover stress developed in strain-constrained conditidn_insidera composite

that increases the phase transformation temperatures.
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Figure 4.6 Evolutions of modulus of elasticity of the embedded SMA wire in type-I
loading condition and mode-a actuation, Ep,. a) E,, = 0.1GPa and o, = 0.1GPa; b)E, =
0.1GPa and o, = 0.5GPa; ¢) E,, = 2.3GPa and ¢, = 0.1GPa and d) E,, = 2.3GPa and &, =
0.5GPa.
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Figure 4.8 Evolutions of modulus of elasticity of the embedded SMA wire in type-III
loading condition and mode-a actuation, Ep,. a) E, = 0.1GPa and o, = 0.1GPa; b) E,,
=0.1GPa and g, = 0.5GP3; ¢) E,, = 2.3GPa and &, = 0.1GPa and d) E,, = 2.3GPa and
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4.2.2.3 Estimation of Critical Geometric Factors

In order to design a SMA-reinforced composite with appropriate dimensions for
satisfying different types of mechanical requirements, such as vibration control or
buckling resistance, it is critically important to estimate the modal properties of thé
composite structure during the SMA actuation. With the knowledge of ¢ evolution in
different loading conditions (i.e. Ia, Ila and Illa), it is possible to estimate the minimum
reqlfired geometric relations for achieving unifoﬁnly distributed & over certain portion of
the embedded length as schematically demonstrated in F ig. 4.9 (the effective zone for
satisfying constant martensite fraction is defined as ‘constant martensite volume fraction
region (CMRY)"). In the other words, the constant SMA properties and hence the modal
properties of a composite can be evaluated to predict its mechanical feSponse over a
specified or targeted region. Procedures for the estimation of critical- geometric factors

including total embedded length L and &/a ratio are presented in the following steps:

Step 1: Predic_rion of Linin

: For the general application requirement, constant material prbperties have tlo be
aﬁained at center portion of the SMA composite structure. In the other word, constant
value of f'at z = L/2 has to be achieved to realize the CMR. By using the radius of matrix
cylinder b = 1.25mm (or b/a = 10) and the necessary material properties summarized in
Table 3.1, the plots of .{:’;a(z=L/2),- S2a{z=L/2) and &3,(z=L/2) against L are obtained and
shown in Fig. 4.10. When T = 60°C, o, = 0.5GPa and E,, = 2.3GPa, constant values of
Gial(z=L/2) can be attained for L > 28mm for all the three types of loading conditions. The

minimum required embedded length is defined as L. Both curves of &1a{z=L/2) and
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Figure 4.10 Plot of total marteniste volume fraction at mid-point,
&z = 0.5L) versus against total embedded length, L in mode-a
actuation. (L, = 28mm)
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24(z=L/2) are developed to the same constant level except the plot for type-I1L. It

implies that the constant value of £ at center point can be achieved until Z > 28mm. It
should be noted that the CMR only represents a point in this circumstance. It can be
further developed into a plateau region by using longer embedded length (L > 28mm).
Therefore the second step is to evaluate the relation between wire’s embedded Iength and

proportion of the CMR.

Step 2. Prediction of L,

Depending on the types of loading method beiné used on- a structure, position of
the CMR could be different from fype to type. In addition, stress free condition on wire’s
end in typé-l and III loading conditions restricts the development of the CMR throughout
the whole embedded length. Therefore, it is ﬁot practical to have CMR = L The length of
CMR = 0.6L (i.e. S; — 8; = 60%L) in the center portion is hence targeted for the |
evaluation of critical embedded length L.. In the other words, values of & should remain
unchanged between z = SI- and z = S,. In order to éaﬁsfy the requirement of CMR = 0.6,

the following mathematical relation has to be achieved.

Al =|E(2=8)-£(2=05L) +|¢(z=5,)-¢(2 = 05L)=0  (4.14)

If the CMR is exactly located at center portion, then S; = (1-N)L/2 and S; = (1+N)L/2
should be used, where N represents the reqw;nired proportion of total embedded length for
achieving CMR. Figure 4.11 shows the plots of Eqn. 4.14. The differences between
martensite volume fractions become negligible for L > 54mm. Therefore, if the total

embedded length is longer than L, = 54mm, CMR = 0.6L can be guaranteed.
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Step 3: Prediction of b/a

Type-III loading method is commonly used in experimental study for determining
the interfacial prof)erties_ of traditional fiber-matrix composites. The validity of this
loading condition applied in pullout test has been clarified by Zhou et al [114]. Critical
value of b/a ratio has been evaluated for constant material properties of constituents.
However, material préperties of the embedded SMA wire in CMR may not l;e
- necessarily the same for different loading methods. Therefore, in order to make sure the.
compatibility of type-III loading in experimental study for the niechanicallresponses of
the | SMA-compositeé, material properties at CMRs for type-I, 11 and I loading
conditions must be the same within a targeted region. Figure 4.12 shc;ws the plots of €, —
Ey at z = L/2 against b/a for T = 60°C. It can be fouhd that the difference of & becomes
negligible when b/a > 37. Thefefore the critical radius of matrix is b, = 37a while the
critical embedded length is L. = 50mm for achieving CMR in all the three types of .

loading with equivalent material properties over the 60% of total embedded length,
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Figure 4.11 Evaluation of critical embedded length, L. for
achieving constant martensite volume fraction over the embedded
portion of z = 0.2L to 0.8 in mode-a actuation. (L= 54mm)
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Figure 4.12 Evaluation of critical b/a ratio for satisfying the
identical and constant martensite volume fraction in all the type-1, 11
and III loading conditions and mode-a actuation. (b/a = 37)
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4.2.2.4 Evolution of Internal Stresses

Equations 3.25, 4.12 and 4.13 reproduce the evolutions of axial stresses on the
SM_A wire for type-I, Il and III loading conditions respectively. Surface plots of these
stress distributions oya(z, 0, T) at different actuation temperature T are shown in Figs.
4.13 to 4.15. lIt is considered in the calculations that the externally applied stress o-a.is
equal to 0.5GPa. All the necessary material properties being used in the following
numerical examples are summarized in Table 3.1 unless otherwise spéciﬁed in the

corresponding figures.

Effects of geometric factors (i.e. L and 5/a) and matrix stiffness on internal stress
distributions are demonstrated in F igs. 4.16 to 4.18. Figure 4.16a shows the typical plots
of axial stress distributions for different types of loading while all the three plots
demonstrate the ‘constant axial stress region (CASR)’ in center portion. However, when
the matrix stiffness is reduced to 0.1GPa, derivations between the three plots increase
sﬁbstantially and the axial sﬁess for type-II loading is always higher than that of the
others as shown in Fig. 4.16b. Similarly, denvatlons due to size effects are illustrated in
Flgs 4.17a and b. The derivations of internal stress dlstnbutlons can be promoted by
using shorter embedded length while the stress levels of the CASR in different loading
condition are governed by b/a ratio. Therefore, in addition to the evaluation of the CMR
for modal property estimation within a specified region, there is an urged need to clarify

the dimensional requirement for achieving the CASR.

To estimate the critical embedded length L. and b./a ratio for the CASR, the similar

steps as described in Section 4.2.2.3 should be used.
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Step 1 Prediction of Lnin

The minimum required embedded length, L, can be estimated by comparing the
plots of o7 (Li2,0,T), 0'(L2,0, T) and 055°(L/2, 0, T) against L as shown in Fig. 4.a.

The plots are developed to the constant levels when £ > 30mm.

Step 2. Prediction of L.

‘Referring to Fig. 3.15 for the axial stress distributions in the no-load condition (oa
= o'GPa), it can be found that the identical stress value at z = 0.2L and z = 0.8 can be
obtained before the constant axial stress at z = L/2 can be attainéd. Therefore the critical
embedded length L, has to be longer than L,;, so as to make sure the constant axial stress
can be attained. Using the similar approach for the prediction of L. for the CMR in the

targeted region (0.2L <z < 0.81), the following equation has to be satisfied,

o (S,,JG,T)—O';(L/2,aa,T)|+|crj, (8,,0,,7)-05(L/2,0,,T)=0 (4.15) -

Aoye =

Figure 4.18b indicates that the Ao, becomes negligible when L 2 50mm. In the other

wdfd;, the CASR can be achieved when the total embedded lengﬂi is longer than L=

S'Omm.

Step 3: Prediction of b./a

Figure 4.19 shows that the derivation 'between oy’ (Ld2, 0, T) and o5'(LJS2, 6, T)
can be ignored if b/a = 40 when L. = 50mm. Therefore, if the SMA matrix cylinder is

fabricated with L > L. and b > b,, the CASR over the 60% of the embedded length can

be obtained for all the three types of loading conditions.
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4.3 Effect of Actuation Modes on Internal Stress Distributions

4.3.1 Mode-a and Mode-b SMA Actuation

As briefly discussed in Section 4.1 for the possible actuation modes of the SMA-
reinforced composites, evolution of martensite volume fraction of the SMA wire inside a
composite can be totally different for different actuation scenarios. In this section, the

SMA actuations are classified into the following two basic modes:

Mode-a: SMA wire is actuated under a constant applied load on wire's end,

Mode-b: SMA wire is actuated prior to the application of axial load on wire’s end.

These two actuation scenarios were schematically illustrated in Fig. 4.1. The point
1 and 2 are destinations.of different loading-actuation paths and point 0 represents the
starting point of each path. Initial value of total martensite volume fraction &L=11s
assumed for simplicity. In the case that the SMA material is activated to point 1 along
the mode-a actuation path, it will never exhibit austenitic phase transformation and hence
£ 'reh}gi_ns unchanged. Howéver, if it arrives the same destination bj' following mo}ie-b
acfuation path, part of microstructures in the SMA wili firstly exhibit austenitic phase
transformation in a low stress level (ie. £ = & > &< &). When the applied stress is

increased upon o/ (T) and reaches the point I, & increases to 1 again due to stress-

induced martenitic transformation (SIM).

It should be noted that the captioned discussions for mode-a and b actuations are

valid for the SMA-matrix cylinder model at wire’s loading end (z = 0) only. As
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previously discussed for the internal stress distributions, axial stress on the SMA wire at

z > 0 can be difference (i.e. 0,(2,0,,T)#0;(0,0,,T)). Therefore, the destination of
actuation paths may shift downward to point 2 at any arbitrary position in z-dircetion.
Again, the SMA exhibits no phase transformation in mode-a actuation while the reduced
&, due to austenitic transformation along the mode-b actuation path, remains unchanged

at point 2. It explains the reason for SMA-composites having different mechanical

responses in mode-a and mode-b actuation.

4.3.2 Evaluation of SMA’s Material Pmpertiés‘in Mode-b Actuation

4.3.2.1 Evolution of Martensite Volume Fraction

Mode-b actuation requires heating the SMA wire in a no-load condition. External
load will be only applied on the wir.e’s end until the target temperature is attained, which
implies that the initial stress on the SMA wire o, must be zero. Recalling the evaluation -
sequence proposed in Section 3.4.1, evolution of ¢, & and & in a no-load condition can
ble obtained in ‘step-a’. Solﬁtions of &, and &, are therefore employed as initial values
in ‘step-b’ for the estimation of & distribution. It should Be noted that if the SMA wire is
initially subjected to a constant applied load, 0';,0 as schematically illustrated in Fig. 4.19
(0 > 1), the actuation scenario should be considered as a combined mode of a and b. The
¢ distribution in this combined actuation mode can be evaluated by simply substituting
the initial stress oy, into step-a instead of using o, = 0 for mode-b actuation. The
loading-actuation path 0. -)l 2 represents another typical combined mode of actuation.

Definitely, there is no difficulty to evaluate £ distribution by using similar approach.
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Figure 4.19 Schematic illustration of combined actuation modes.

However, the most essential element is the identification and application of actuation
mode. Since the mode-a actuation has been studied in the previous section, only the

mode-b will be focused in the current section.

Solutions of £ can be obtained by substituting the recurrence equations (Eqgns. 3.29,
4.12 and 4.13) into Eqns. 3.30 to 3.36. Plots of &z, &, T) with mode-b actuation for type-
[, IT and III loading methods are shown in Figs. 4.20, 4.21 and 4.22 respectively.Figures
4.20a and b show the  distributions with g, = 0.5GPa and 1GPa respectively for E,, =
0.1GPa. It can be obsprved that the distribution profiles shown in the two figures are
more or less the same, only the plot for g, = 0.1GPa at 600C shows shape change nearby
the loading end. Referring to Fig. 3.18a for the plot of phase diagram using all the
employed material properties summarized in Table 3.1, it can be found that ¢’ (T) =

0.983GPa at T = 60°C. Therefore, the martensite volume fraction at z = 0 is changed to |

due to the SIM. However, if the temperature is increased upon 80°C, austenitic phase
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transformation completes at both embedded ends (z=0 and L) and a‘{(SO‘;C) =

1.56GPa. As a result, § = 0 at loading end remains unchanged. Similar distribution
profiles can be found in Figs. 4.200 and d for E,, = 2.3GPa. Ol-a.ffiously, long plateaus at
the same attitude for the identical actuation temperature can be observed in the figures
and the plots demonstrate the fairly ideal symmetric profiles. It implies that the £
distribution is not sensitive to the externally applied load in mode-b actuatio.n.
Comparing to the results in Fig. 4.3 for the mode-a actuation, ¢ distribution is relatively
more sensitive to the externally applied load. In addition to the signiﬁcant.changes of &
distribution, the relatively poor symmetric profiles can also be observed even for the low

applied load (g, = 0.1GPa).
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Figure 4.20 Evolutions of martensite volume fraction on the embedded SMA wire in
type-I loading condition and mode-b actuation. a) E,, = 0.1GPa and 0, = 0.5GPa; b) E,,
= 0.1GPa and g, = 1GPa; ¢) E,, = 2.3GPa and o, = 0.5GPa and d) E,, = 2.3GPa and ¢,
= 1GPa.
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Figure 4.21 Evolutions of martensite volume fraction on the embedded SMA wire in
type-II loading condition and mode-b actuation. a) E,, = 0.1GPa and o, = 0.5GPa; b) E,,

=0.1GPa and g,

1GPa.
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Figure 4.22 Evolutions of martensite volume fraction on the embedded SMA wire in
type-III loading condition and mode-b actuation. a) E,, = 0.1GPa and ¢, = 0.5GPa; b) E,,
=0.1GPa and ¢, = 1GPa; ¢) E,, = 2.3GPa and o, = 0.5GPa and d) £, = 2.3GPa and g, =
1GPa.
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Figure 4.21 shows the ¢ distributions for type-II loa_ding methods under mode-b
actuation. Shape changes for the high load condition (o, = 1GPa) at 60°C also exist in
Figs. 4.21b and d. Comparing with Fig. 4.4 for the same type of loading in mode-a
actuation, the & distribution looks more uniform for oz = 0.5GPa. However, austenitic
phase transformation cannot be initiated effectively as shown in Fig. 4.4b. Both the
plateau states for 60°C and 80°C are higher than those for the same matrix stiffness and
axial load in mode-b actuation (Fig. 4.21a), which means the shape memory effect is
more effective and the austenitic fransformation can be initiated more easiiy in mode-b

actuation.

Figure 4.22 preseﬁts the results for type-III loading in mode-b actuation. It shows
almost the same results as obtained in Fig. 4.20 for the similar boundary conditions

between type-I and type-III loading conditions.

4.3.2.2 Evolution of Modulus of Elasticity

'_ - The modulus of elastiéiiy of SMA, Eyis a critical parameter governing mechanical
respdhéés of the SMA-composités and directly reflects the influence of & evolution
during the actuation. As discussed in previous sections for the linear relation between E;
and ¢ modulus E;is readily determined by using Eqn. 3.11. Figures 4.23 to 4.25 present
the distributions of Epy, Epy and Ep,, for different types of loading in mode-b actuation
respectively. Due to the similar & distributions obtained for type-I and II loading
methods, it is not surprise for Epy and Eg, distributions showing similar profiles in

Figs.4.23a and c respectively. In type-I loading condition, when o, = 0.5GPa, symmetric
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Ef- distribution profiles can be obtained for all the targeted actuation temperatures.

Increase of matrix stiffness can lengthen the constant Er regions but resist the austenitic
phase transformation. Theréfor’e, the plateaﬁ region maintains at a lower attitude for
higher matrix stiﬁ‘nes;. In Fig. 423, i)lots a-and ¢ show sy@etric distribution profiles in
different actuation temperatureg As previously discussed for the mode-a actuation, if o,
= 0.5GPa and T = 60°C, austenitic phase transformation at 'loéding end can be completely
restricted as shown in Figs. 4.6b and c Modulus Ef at loading end remains unchanged
even at T = 60°C > T*. Howevér, the same'applied load in mode-b actuation can never
-affect the E; evolution. Figures 4.23b and d dexﬁonstrate the changes of E at loading end
for o, = 1GPa. Considerihg that embedded wire has been heéted to 60°C before the
application of axial load in modefb actuation, & should be firstly reduced and E; is
therefore increased. When the applied load is increased to 1GPa, the SIM starts and the

austenite transforms to stress-induced martensite again. Similar results are obtained as

illustrated in Figs. 4.24b, 4.24d, 4.25b and 4.25d.
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Figure 4.23 Evolutions of modulus of elasticity of the embedded SMA wire in type-I

loading condition and mode-b actuation. a) E,, = 0.1GPa and o, = 0.5GPa; b) E, =
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Figure 4.24 Evolutions of modulus of elasticity of the embedded SMA wire in type-II
loading condition and mode-b actuation. a) E, = 0.1GPa and o, = 0.5GPa; b) E,, =

0.1GPa and o, = 1GPa; ¢) E,, = 2.3GPa and g, = 0.5GPa and d) E,, = 2.3GPa and g,

1GPa.
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4.3.2.3 Estimation of Critical Geometric Factors

Again, using the step 1 to '3 described in Section 4.2.2.3 for the prediction of
critical geometric factors, L, L. and b/a can be obtai_ned from Figs. 4.26 to 4.28
respectively. When £, = 2.3GPa, g, = 0.5GPa, T = 60°C and b/a =10, plots of &, & and
& approach to a constant level for L > 25mm as shown in Fig. 4.26. Therefore tfle
minimum required embedded length, L, for type I, II and III loading condition in
mode-b actuation to. achieve constant & at z = L/2 is 25mm. Similarly, Fig. 4.27 shows
that Afcmr becomes‘neglig'ibl'e when L > 45mm. However, the constant values of & for
all the types of loading are independent of b/a ratio as indicated in Fig..4.28. There isno
difference between them for L > L. Therefore, L 2 L. is the only requirement for

satisfying the CMR over 60% of total embedded length in the center portion.

4.3.2.4 Evolution of Internal Stresses

Figures 4.29 té 431 preseﬁt the surface plots of axial stress distributions of type-I,
I'I_ and III loading conditions in mode-b actuation. In the figures, a-long plateau can be
observed in different actuation -temperatures and the cqnstant stress levels attained along
the embedded length at any particular temperature is much higher than that in mode-a
actuation. It implies that the more effective and stable SMA actuation can be obtained by
actuating the SMA wire before the application of external load. This finding is critical
important for the design of SMA-reinforced composites. Depending on the application
requirements, mode-b actuation is definitely able to provide a more stable stress
distribution along a composite and can also generate higher recovery stress for satisfying

the purposes of shape change as well as modal property improvement.
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Figure 4.26 Evaluation of the minimum required embedded
length for satisfying constant martensite volume fraction at mid-
point, (i.e. §(z=L/2) = constant). (L, = 25mm)
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Figure 4.27 Evaluation of critical embedded length, L. for
achieving constant martensite volume fraction over the 60% of
embedded length in center portion, (i.e. &(z) = constant for 0.2L < z
<0.8L). (L. =42mm)
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Figure 4.28 Evaluation of critical b/a ratio for satisfying the
identical and constant martensite volume fraction in all the type I, I1
and IIT loading conditions.

Although the surface plots indicate better petformance for mode-b actuation, it is
crucial to clarify the validity of type-II loading method in pullout test for the study of
interfacial behaviour. Plots of axial stress distributions on the SMA wire for type-1, 1I
and III loading conditions at 7= 60°C are shown in Figs. 4.32 to 4.35. Considering that
when modulus of matrix E,, = 2.3GPa and total embedded length L = 10mm, the constant
axial stress region can be obtained as shown in Fig. 4.32. However, if the soft matrix
material is used. to fabricatt SMA composite, effect of loading method on stress
distribution can be significant. Figure 4.33 shows that the stress distribution profiles for
type-1, Il and Il loading methods develop separately, which implies different mechanical
responses could be obtained for very low mpdulils of matrix in different types of loading.
In addition, influences of total embedded length and b/ ratio on axial stress
development are shown in Figs. 4.34 and 4.35 respectively. Comparing to Fig. 4.32, if all

the geometric factors and material properties remain unchanged but the total embedded
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length is reduced by half, derivation between the stress distributions could be increased

substantially as shown in Fig. 4.34; This result implies tﬁat the longer the total embedded
length, the closer the stress level in axial direct_i_on. However; if b/a ratio is réduced to 10,
even though the embedded length is increased to 30mm, the constant axial stress region
(CASR) for type-II_I lbading methqd depart from the others as shown in Fig. 4.35.
Therefore, there is an urged r_;_e'ed to clarify critical geometric factors so as to ensure all

types of loading can satisfy the identical axial stress over a targeted region.

" Using the similar approach as described in Section 4.2.2.4 the minimum required
embedded length as well as critica] geometric factors for satisfying CASR in mode-b
actuation can be obtained from the plots in Figs. 4.36 to 4.38. The estimated results for
Lonin, Le and b/a aré 26mm, 45mm and 37 respectively. Comparing to the plots shown
Figs. 4., 4. and 4, longer embedded length and bigger matrix cylinder are required for
achieving CASR on the samé target region (60% of embedded length in center portion)
in mode-a éctuation. Therefqre, it can be concluded that the mode-b actuation ensures the
effectiveness of the SMA ac‘tﬁation ina éomposi,te structure. If the embedded SMA wire
is heated up prior io _the- lapplication of externally applied load, internal stresses
dev;:!gped inside a composit.e shduld be more uniform and the stress level could be rﬁuch

higher than that attained in mode-a actuation.
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4.4 Summary

Three types of loading conditions and two modes of the SMA actuations have been
defined as the typical loading-actuation scenarios for the SMA-composites. The
parametric studies on the inﬂuencer of geometric factors suggested that the competence
of type III loading condition in the fiber pullout test could be achieved if the critical
embedded length and matrix-to-wire ratio have been satisfied. Besides, mode-a and
mode-b actuations have been identified as the two major actuation modes for SMA
inclusions. The shape memory effect (SME) was found more effective and the austenitic
transformation could be initiated more easily in mode-b actuation. In addition, the
important concepts of constant martensite volume fraction region (CMR) and constant
axial stress region (CASR) have been proposed for ensuring that the uniformly
distributed material and mechanical properties can be attained at the targeted region on

the SMA-composites.
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Chapter 5

Effects of SMA Actuation on Inteffacial Debond

5.1 Introduction

A phenomenon of great significant in fiber composite technology for application in
engineering construction of many load bearingrprimary structures is the stress transfer
between fiber and rﬁatri# across the interface. Apart from the elastic stress transfer at the
bonded region, another importaﬁt phenomenoﬁ in fiber matrix composite is the stress
transfer by means of friction, which is governed by Coulumb friction law after the
interfacial debond. However, conventional types of fiber reinforced composites can only
survive against external stimuli bassively with constant material properties. SMA |
reinforced composites can work actively against external loads by generating intrinsic
recovery stress and modifying their modal propertie.s. Nevertheless, effectiveness of
stress transfer from SMA wire to its surrounding matrix strongly depends on quality and
nature of bonding at interface region, which are also important to justify the load-bearing "
capébility of fiber-matrix cdmposites. '

From the stress-transfer point of view, theoretical analysis dealing with the internal
stresses at interface region are of special intei;est which provides study bases on how the
mechanical responses and fracture behaviour of the SMA-composites are affected by

interfacial properties, actuation modes as well as loading geometries.

Using the mechanical model previously developed by Zhou et al [115], interfacial

properties such as fracture toughness, friction coefficient and residual clamping stress for
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the typical fiber-matrix composites can be obtained successfully. However, as discussed

in the previous Cﬁapters_ for the internal stress distributions in wire length, the SMA
actuation can change the distribution profile and hence the modal properties of a
structure. Maferiél propenieé of actuated SMA i‘n composite’ structure can be totally
different in various loading-actuation scenarios. In addition, due to the heat absorptions
of both wire and matrix, influence of thermal expansion on stress state at interface region
is no longer to be a negligible issue. A new set of .intemal stress solutions for both the
bonded and debonded regions is therefore critically impqrtant in the fracture mechanics
- approach to calculate the .total strain energy stored in constituents due to the applied load

and the SMA actuation.

This chapter focuses on the formulation of total elastic strain energy stored in SMA
wire and matrix. The strain energy release rate normalized with the constant interfacial

fracture energy is employed to determine interfacial debond criterion.

5.2 Interfacial Debon‘d Criterion

When interfacial debond occurs in the SMA-reinforced composite, the specific
dc;bdxiding criterion has to be satisfied. In the present study, the general fracture
mechanics approach is employed such that the differentiation of total elastic strain
energy U/, stored in constituent‘s with respect to the debond length / is equated to the

interfacial fracture toughness, G, as illustrated below,

G, = _1_[5?_{_& 5.1)
2ral ol
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Figure 5.1 Schematic illustration of partial debonded SMA-matrix
cylinder in (a) Type I, (b) Type 1I and (c) Type III loading conditions.
where the interfacial fracture toughness G, is considered as a material constant before
SMA actuation. 9/ can be considered as an extremely short debonded length located at
crack tip while the embedded length is divided into two separated parts known as bonded
and debonded regions as shown in Fig. 5.1. Therefore the formation of U, requires the
consideration of strain energies stored in constituents in both the bonded and debonded

region.

5.2.1 Total Elastic Strain Energy

As previously discussed for the possibility of interfacial debond due to over-
actuation of embedded SMA wire, the debondings in type I and III loading methods do
not necessarily appear at the loading end. However in the ideal operating conditions,
problems of over-actuation has to be avoided and recovery action of SMA is always
considered as additional mechanism which works against the interfacial debond due to
externally applied load. Therefore, it is reasonable to consider the crack propagation

from loading end towards the embedded end as shown in Fig. 5.1.
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Table 5.1 Boundary conditions for type-I, II and I1I loadi’ng conditions

Typel Type Il Type 111
Del?onded 0,(0,0,,T) =-6ﬂ 1 o;0,0,T)=0, aj‘(O, o, T)=0,
region c:(0,0,,T)=0 c:(0,6,,T)=0 —-la; 0,6,,T)=0
Bor.lded o,(,0,,T)=0, o,(l,0,,T)=0, o,(,0,T)=0,
reglon oi(L,0,T)=0 o;(L,0,,T)=0

The total elastic strain energy can be obtained by considering the energy

components of Uy and Uy, in debonded and bonded regions as given below,

U,=U,+U, (5.2)

where
U - ff W a,,,T)) xrdrdz+£[[( . D)’ 2(1+v)( a,.1))’ }mjdz

S
| (5.3)
and

U, = ff m(z, T)) xrdr&+rf[( * (2,0, T)) 2(1+v )( h(z, D)}Ndrdz
' 5.4)

Ud; and Uj; represent the elastic strain energy stored in constituents in the bonded and
debonded regions respectively. Assuming that the interfacial debond is developed to a
finite value of /, then the boundary conditions fdr the stress solutions in different types of
loading methods are summarized in Table 5.1. gy; (for i = 1, 2 and 3) is defined as crack
~ tip stres\s at the z =/ for type-I, II and III loading methods. It means that both the stress
solutions at the junction between the bonded and debonded regions must be continue and

equals to oy;.
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5.2.1.1 Stress Solutions in Debonded Region

In the debonded region, frictional slip occurs at the -interface where the stress
transfer is assumed satisfying the coulomb friction law for a constant coefficient of

friction 4 [99, 116 and 117],

7(2,0,,T)=-4(4,+4.(2,0,,T)) (5:5)

where 7,(2,0,,T) is the interfacial frictional shear stress. qo is the residual clamping
stress due to matrix shrinkage and differential thermal contraction of constituents,
qa(z,0,T) is the interfacial radial stress arising from applied load and shape memory

effect as given in Eqn. 3.10.

In addition, recalling Eqn. 3.18 for the equilibrium condition describing the stress
distribution between the SMA ‘wire and matrix, the interfacial shear stress Tz 0, T)
should be replaced with 7z o, T) which representing frictional shear stress in debonded

region as given below,

do,(z,0,,T
Lot 2o, ) (56)
a

dz

Substituting Eqn. 5.5 into Eqn. 5.6 and using the boundary conditions given in Table 5.1,

solutions of axial and shear stresses for the debonded region can be obtained as
ou(z,0,,T)=0, —a)(z,aa,T)(O','(z,a'a,T)—aﬂ)[exp(,?.(z,oa,T)z)— 1] (5.7)

Gunl2,0,,T)=yo(z,0,,T) (cr,'(z, c,l)-o, )[exp(ﬂ.(z, o;,T)z) - I] (5.8}
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7/1(2,0',’11)0)(2! o'a,T)(bz __.rll)

i, (2,0,,T)= (a,'(z,aa,T)_—aﬂ)exp(/l(z,aa,T)z)

2r
(5.9)
7,(z,0,T)= a;t(z,o'n,T;aJ(z, ;1) (c';(z,o;,T) -aa)exp(i(z,aa,T)z) (5.10)
for type-I loading method,
0:(2,0,,T)=0},(z,0,,T) _ | G.11)
O (2,0, T} =0,,(2,0,,T) | (5.12)
T (2,0, T)=1.,(2,0,7T) | (5.13)
1,,(2,0,,T)=1,(2,0,T) (5.149)
for type-II loading method and
(2,0, T)=0,~(0}(z,0,,T) -5, ) exp(A(z,0,,T)z) ~-1] (5.15)

0rr(2,0,.T) =10, +7(0](z,0,,T) -0, ) exp(AUz,0,,T)2)-1]  (5.16)

¥(z,0,,T) (6 - )

r: (2,0, T)="= 5 (a;(z,aa,r)-aa)exp(;t(z,aa,T)z) (5.17)
r
7,,(z,0,,T)= w(a;(z,aa,T)—o*a)exp(,l(z,aa,T)z) (5.18)

for type-III loading method, where
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R ;- , T
b IBCD) p (g, 1)

’ T ,T =O"frlzso"T == )
0,(2,0,,T)=04(z,0,,T) ao(z,0,,T)k(z,0,,T) w(z,0,T)

(5.19)

c.(z,0,,T) = _Ej;?? ~n(z,0,,T)E, fz,aa,T) (5.20)
wo(z,0,,T)= & (ZZ’,?)’V];):;V,, (5.21)
Koo, T)= . (za“(;')6+2"j':2"; :'V,,. " (522)
n(z,0,,T)= H (5.23)
E(2,0,.T)=E,(G,(T)+v,G, (z,a;,r)) (5.24)
Az0.,T) =ﬁf_’%,ﬂ1 (5.25)

52. 1.2 Stress Solutions in Bonded Region

Equations 3.25-t0 3.28 and 4.4 to 4.11 represent the stress solutions before
interfacial debond which means ! = 0 for three types of loading methods. HoWever,

considering the present of finite debonded length / in z-direction, the boundary condition

of 07(0,0,,T) =0, givén in Table 4.1 has to be replaced by o,(,0,,T)=0, asgivenin

Table 5.1. The crack tip stress, oy, for the corresponding type of loading methods is given
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in Eqns. 5.7, 5.11 and 5.15 respectively. Therefore, the stress solutions in perfectly

bonded region (! <z <L) are readily obtained as following,

o o n—(%(z,o;,f)o; +u/4(z,o;,T))[sirh,fw,(z,o;,])(b-z)—sim,}w,(z,o;,Ij(!—z):,+q,(z,o;,7)sirﬂ1,fw(z,o; D(L-2)

sithw(z,o;,n(L—z)

~y(a0,1)0,—y(z,0,T)
(5.26)

(v«s(;a.,T)cr.,+v4(z,q,7))[sith¢f(z0,,1)(1-2)-sith#(z,oz,’D(H)]—dn(z,q.,Dsithw(zq,T)(L-Z)
%, @0, D)=y | sirhy/yi(z 0, T){ L) '
iy +utza.n

(5.27)

t’_i,(z,o;,]):

A8 -7 Wwiza.D {(%(z,a.,,m +va(z,q,7))[6osthf.(z,o:,J)(L-2)-mlJvﬂ(z,O;,D(f-Z)]}

sty (2,0, L) | 40,0, Dysh G o T L2)

(5.28) -

n(z0,D)

afuz0,D ‘[(ua(z,q,,no;+v4<z,a;,n)[othu4(z,q,n(L—z)—oosh\/w.(z,o;,n(z—z)}}

2y, (L) +9,(5,0, Newsh (2.0, TH{L~2)

(529)

for type-I loading method,

(W(@9,10, +(5.0, D+ 02,0, 1) csh (5,0, T L-2) 0 D~z T)

o, (z0,N=
(50,T) coshyfu(z,, TH(L~1)

(5.30)

(40N, +u(z0. Dt (aa, D) e fyzo, D{L-2) —(l+://,(z,q,,7))o;—y4(z,o;,7)}

o;z(z’q:’T):_y{ (m’]JyII(Z,O;,T)(L—I)

(5.31)
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n A PHreaDluea oo haEa)ohueaDls (s
2recshfis(z. 6, T)(L-)

17..(z0,

a)4i(z0 D{ws(0, 1), +14(z0, D +a(5.0, T)si (2.0, T L—2) (5.33)
2ashy(z,0,T)(L-)

7(z0,T)

for type-1I loading method and

n (w2 Do a0, T)sm w0, L2 -u(zo, Dsich w(z,cr.,,f)(l-z)_W(z

d.(za, . r,
| e sithyz g, D(L-) D
' (5.34)
__ &g, Dra e N)sthuG e, D L-2) ~uGa, DsthuGza, D{i-2)
0‘.,,,(%0;,7)—-7{ sy D) -z,
(5.35)

n_r(b' -7 )M%%D(%(z,_o;,f)m(z.q,D)ona‘:Jw(z,qJ_)(L-2)-w.(z,q,Dme(z,o;,D(l—Z)

Zrsivh\fy(z,0,T){L)

7.z,

(5.36)

W(%O;,T)[(M(AO;J)M(LO;J))me(zq,,b(L—Z)—va(z,q,,f)ocﬂl\/w(zq,,ﬂ(l—.z)]
| 2srh\fy(z., 1) (L)

(3.37)

for type-III loading method respectively.

Referring to Section 4.3.2 for the evolution of SMA’s material properties in mode-
b actuation, one may notice that the total marfensit_e volume fraction, &, which governing
the SMA’s material properties, attains a constant level at center portion of embedded
length. Long platea}us can be observed as shown in plots ¢ and d in Figs. 4.21 to 4.23.

Figure 4.28 further clarifies the critical embedded length, L. required for achieving

Chi-kin Poon Chapter 5



Interfacial Behaviours of Smart Composites __ 133

constant martensite volume fraction over the center portion of embedded length, Using

the same material properties as summarized in Table. 3.1 as numerical example in the
current study, if the wjre emb_edded length is longer than L. (i.e. 42mm), the martensite
volume fraction along the embedded wire can be assumed as constant and independent of
_externally applied load.r Therefore, the &evolution can be reduced to a simple function

of temperature as given below,

§zo, D =¢U2,0T)=¢  forl>L - (538)

where & represents the equivalent martensite volume fraction distributing along the

embedded length for L> Lc in actuation temperature 7. Since the & governs all the

material properties of SMA, coefficients in all the stress solutions (from Eqn. 5.7 to 5.37)

can be reduced to the equivalent functions denoted with ‘~’on the top of them.

Substituting Eqns. 5.7-5.37 into Eqns. 5.3 and 5.4 for the corresponding types of
loading methods, the strain energy stored in both SMA wire and matrix due to the
applied load and SMA actuation can be obtained. Finally, the interfacial debond criterion
o‘f the SMA-matrix compoéite can be derived by substituting the U, into Eqn. 5.1 as

given below,

G. = 2#[3,0; +C(6)~0.)0,+D(67-0,) + Lo, +H,(5 ~0,)+ 7] (539)
ra

where i =1, 2 and 3 for the corresponding type of loading methods. B,C,D, L, M,

and N, are the equivalent functions of material constants, geometric factors in actuation

temperatures, T as given below,
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) 5,-(51-13',;&,)[1@,(1;;,7,)(2-2cosh&+tmm5sinh&)]¢3coth&
B =
+[2,(1+,)8, -(1+2q7,)5,](1-cosh¢')

}cschza ~b, (540

C, =a§e”l:{ﬁ'-—£?—J(l—e'j’)+iﬁ]J : (5.41)

) ) (l—e‘j’)z(l; cosh’ﬁ——(l; —l;lgz’},)gscot J) ' o
D =&yl . cosh’g+H A’
+3(1-e7)((5, +bt,1/,)smh2¢ )/2 7, |
| (5.42)
ﬁ_csch;ﬂ [(1+y/ ( 7 )(1+¢csch¢)+2by/,) é](l—cosh;ﬁ)
W (6 -59)(1- bootn) 26,
(5.43)
L=k +h 4 i, (544)
M, =, +7,+k,], | (5.45)
Nl =j1| +}|z +i;13‘/74‘ ' (5-46)

hy =20, 2,/p, sinh  (§ —sinh&)mz,,JWsinh&]/(cosh& +1) (547)

= 7,0] Ae* (§~sinh §) + 7, (¢* ~1)§(coth g —csch §) | /(cosh g +1) (5.48)

Ju=, 7.\, sinh §(§ - sinh §) /(cosh §+1) (5.49)
ho=hy % (5.50)
Z,
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7.5%% | (5.51)
Ja=i2 (5.52)
.
hy =~7. (20, +1){f§sinh g /(cosh g +1)’ (5.53)

i, = fca")[—ieﬂ sinhﬁ(sinh&—&)+\/¢7,5(l—cosh;ﬁ)(}—e”)]/(cosh&-i—l)sinhﬁ
B (5.54)

3 I l/74
=h, —4_ 5.55
]|3 3 2“73 I 1 - ( )

for type-I loading method,

ﬁ,={(1+y7‘,)[(52—5,;/7,)5tanh¢?—-5,]+5,}(l+y7,)sech’-5-54 (5.56)

3, 2
G = de® [(%—’;.—a](l-e*”)dﬁ,} (5.57)

~

: + 25, + 59, )sinh 26 /2JF, - (1- ¥ )5, sinh? §

D, = &' l(l—enﬂ){(ﬂ/ g +(1—e- )tm}l?’)(bz‘b#;;)ﬁ Jsech25+izglJ
(5.58)
H,=[5,-(1+y72)(5,+5,¢,)]tarm;5-(1+y71)(52-aw,)gsechw‘i (5.59)

Ly=h,+h,+h, (5.60)
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M, =i, +i, +i, (5.61)
ﬁ2=jzl+jzz+]n' (5.62)
hy =289, [(1+,)#tanh § -7, sinh? §]/cosh’ § (5.63)

i =y.g. [ﬂ..e cosh¢(51nh¢cosh¢ 4)- 2JgZ¢s1nh¢ (e -1]/J—cosh’¢ (564)

Ju = .28, sinh §(§ - sinh § cosh ) fcosh’ § (569
ho = 22,70, (14, )tanh §(§ - sinh #) cosh ¢ (5.66)
L=yl (5.67)

,
Jn=Y i:jz. (5.68)
hy = %ﬁu (5.69)

7,4

i=—42_12 ghanha—.sinh’g;cosh’g‘; 1-¢” +ie_—sinh’5'5—sinhggcosh5
o

(5.70)
T =08 sinhg?(gﬁ-siﬁh@cosh’&)/cosh’5 (5.71)

for type-II loading method and
B, =b, +[52 (5 -84, )¢coth¢]csch’ é (5..72)
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i

o _sinh25+,i(52+15,¢7,)sinhzé/2ﬁ+252(1-e-ﬂ) )
C,=2b4{1-€e*|  _ Npe ey csch’ g,
_(4/2Jy?,+2(1-e*”)coth¢)(bz AL

(5.73)
B, =51 -G, +(1 —e”){b, +[8,~(8, - 59,) coth § Jesch ¢} (5.74)
L, =(1+§L¢Jﬁ,,+;‘g, : (5.75)
M, =(1+@y’}i;. +i, | (5.76)
g
| NJ=(1+%72J.;:3|+}32 | (.77)
g |
Foy = 7,94 (cosh § -1)/(cosh$ +1)sinh § (5.78)
=7 [igi’ ('sinha -#)/(cosh§ +1)-h, (e';" - 1)] (5.79) -
Ju = 0.2, sinh §(§ - sinh §) /(cosh § +1)’ (5.80)
- _& -
h, = P h, (5.81)
h=-2, (582)
Jo==£9.J#Fsinh§/(coshg +1) (5.83)
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for type-III loading méthod, where
¢ =, (L-1) (5.84)
7= (5.85)
7, .
AT AN (5.86)
4L=0&r v (5.87)
| Z. =gy, sinh* ¢/ fiy, (5.88)
g, = a2k, (5.89)
g, =n(v'-a*))2E, (5.90)
g =by,[sinh’ § (5:91).
b =y’ (1+Lm)[b‘ In(b/a)~ (36" -a)(6* - a*) /4] /2E, (5.92)
b, = na’ (G +y)/2E, (5.93)
5_, =7ra2|:(5:{ y)w, +r]/E, (5.94)
b, =na*[a(y,-1) +}/ (1+9.)]/2E, (5.95)
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Solving Eqn. 5.39 for o, the applied axial stress acting on SMA wire in a partial

deboned condition can be obtained as given below,

8,+f8,74D, (6, ~2740,)

ol = . (5.96)
where
Q,=-8-C+D (5.97)
8, =-C+2D6 ~L + M (5.98)
Q = D,.&;’}M,&; +N, | (5.99)

It should be noted that except the constant value of interfacial fracture toughness
Gie, all the £2’s are functions of actuation temperature. It implies that the partial debond |
stress, o has been_ reduced to a function of temperature, T for the given initial
conditions of the SMA, material propefties of constitqents and geometric factors of the

SMA-matrix cylinder.

5.3 Critical Changés of Strain Energy Release Rate

The energy components Uy and U, stated in Eqns. 5.3 and 5.4 represent the elastic
strain energies stored in constituents due to externally applied load and the SMA
actuation. When the embedded wire is subjected to relatively high applied load in a low

actuation temperature (7 < 7, ); the SMA wire can be considered as a general metallic

fiber with constant material properties inside a matrix cylinder. Only the tensile stress

and strain will be generated on the SMA wire and matrix. As a result, U, represents the
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strain energy due to tensile load in the low actuation condition. In a high actuation

condition, the recovery stress (compressive) of SMA becomes dominant to take up the
major role for generating compressive strain in constituents and hence the extra applied
load is required compensate such intrinsic compressive stress results from the SMA
actuation. Iﬁ the sense of energy development in mode-b actuation, the strain energy
arising from this recovery action will be minimized by the initial applied stress prior to |

the development of total elastic strain energy due to tensile load.

" Certainly, tﬁis phenomenon is quite obvious and able to explain the resistant of
mterfacial debond in the SMA-reinforced composites. HOWBAVCI‘ the critical applied stress,
which is required to compensate the strain energy due to the SMA actuation, has to be
predefined prior the application of Eqn. 5.1 for the prediction of interfacial debond stress.

Recalling Eqn. 3.18 for the equilibrium condition between interfacial shear stress, 7, and
axial stress on SMA wire, o, one may notice that 7, is linearly related to the rate of
change of o) in the wire direction. When do} [dl=0, 7, will be reduced to zero. -

Referring to the surface plot of axial stress distribution on the SMA wire for type-Il and -
mode-b loading-actuation scenario, a long plateau developed from loading end to about z
= 9mm is found at T = 76°C for 0 = 0.5GPa. It implies that the 7, is minimized to zero

at 9mm < z < Omm. Therefore, the following criterion has to be satisfied for the study of

fracture energy development in the SMA-matrix cylinder,

du, /i .

e rr LAy (5.100)
du,/dl :

Nfc =m for ag, ZO'JM(L/Z,T) (5.101)
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where Ni.(i = 1,2 and 3) are the normalized strdin energy release rates for type-I, Il and

111 loading conditions. o7,(L/2,T) represents the residual stress on wire induced by the

SMA actuation at z = [/2, and is also considered as the average stress level for the

plateau of axial stress distribution. o, < },(L/2,T) represents the specific condition
with recovery stress dominating the strain energy development. Therefore au. /d! is

decreased with increase of o, and a negative sign appears in Eqn. 5.100. It contradicts to

the dU, /d! arising from tensile load (i.e. o, > 04,,(L/2,T}) as described in Enq. 5.101

in which the normalized strain energy release rate N, is always increased with g.

Plots of N for type-1, II and III loading conditions at 25°C (initial temperature),
40°C and 60°C as a function of applied stress, o, are shown in Fig. 5.2. Again, all the
material properties and geomeltric constants summarised in Table 3.1 are employed as
numerical examples in this chapter. Based on the predictions of critical embedded length,
L. required for achieving constant martehsite volume fraction and axial stress on SMA
wire in the center portion (i.e. CMR and CASR) as described in Chapter 4, L = 50mm
énd & = 2% are employed in the following studies unless otherwise specified. It should
be n;)t;d that the results for type-I and type-Il loading conditions are basically the same
in a wide range of actuation temperatures. Only the plots for type-III loading condition
demonstrate minor derivation from the others. ;I‘he Ni—plots for all the three loading

methods show the similar responses toward the SMA actuation.

In Fig. 5.2a, the curves for type-I and type-II loading conditions develop to unity at
oz = 582MPa while the type-III is always higher than the others for a given applied stress

and reach the unity at 577MPa. This result shows the typical development profiles of
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potential energy release rates for the fiber-matrix cylinder with constant material

properties in a simple pullout test. All the critical stresses for satisfying unity of N,

represent the initial debond stress, o, of the corresponding loading condition. When the
embedded SMA is heated at T = 40°C, minor improvements of g (591MPa for Type-I

and II; 584MPa for Type-Ill) can be obtained as shown in Fig. 5.2b. Although the

austenitic start temperature T! (= 40°C in the stress-free condition) is just satisfied, and

no substantial changes of material properties as well as phase transformation should be
induced in such low actuation level, recovery action due to thermal expansion of SMA
(i.e. &T-T,)) works against the applied stress. Thereforé, additional stress is required to
compensate such recovei‘y stress prior the development of critical potential strain energy
for interfacial debond and as a fesult, the initial debond stresses are increased. One may
notice that the curves do not start from zero, which means the elastic strain energy
release rate is not zero in stress-free condition. This phenomenon can also be observed
-from the plots of N, at T = 60°C. In Fig. 5.2¢, the curves are clearly separated into two
sections with turning po_iﬁts at 0.23GPa for type-I and II and0.22GPa for type-III loading
condition. When the applied stress increases toward the so-called turning point in a
cbn;tant actuation températur’e, the elastic strain energy release rate due to SMA’s
recovery action could be gradually reduced and reach the energy equilibrium condition
with N;. = 0. The elastic strain energy érising from tensile load increases again until the

applied stress is further increased beyond the turning point.

As described in the previous section, critical stress of this turning point could be

defined as a}b,(L/ 2,T) . When temperature increases, this critical stress will be increased

accordingly and the whole curve may shift toward right-hand side and reach unity at a

higher stress level.
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Figure 5.2 Plots of normalized strain energy release rate, N,
(=dU,/dl|2maG, ) for the type-1, II and III loading conditions in mode-b

actuation at (a) 25°C (initial temperature), (b) 40°C and (c) 60°C.
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Type-1II loading method is typically emplbyed in pullout test for the study of
interfacial properties and debond stresses. Therefore, it is more essential to study the
shape memory effect on interfacial debond in type-IIl loading condition. Figure 5.3
shows the three-dimensibnal plots of normalized strain energy release rate against
actuation temperatures. It can be clearly found that the turning points are not aligned
linearly on the stress-temperature plane. The critical stress increases linearly with
temperature in the low actuation le\'/el but the rate of change of critical stress suddenly
increases at about 60°C. This phenomenon is the result of austenitic phase ﬁmsfomation
of the embedded SMA. Oﬁe should notice that the phase transformation starts at the

temperature higher than 7! in stress-free condition. It is in fact due to the residual stress

generated in constituents during SMA actuation that shifts up the austenitic start

temperature.

Figure 5.4 shows the plots of N, against the applied load for different actuation
temperaturés. It should be emphasized here that the strain energy release rate in the
stress-free condition (o, = 0) increases with temperature, which means the pofential
ehcrgy stored in constituents due to recovery action can be increased by the SMA
actﬁaiiﬁn. If the temperature is further increased (7 > 90°C) without applied load, the
critical strain energy releasé rate can ber attained and initiate interfacial debond at the free
embedded end. This problem is definied as ‘over-actuation’ of the SMA in the current
study, apd it has to be avoided in all the prac.ti;:al applications as well as pullout tests for
experimental studies. The Nj; diminishes monotonically with the increase of the applied

stress and climbs up again until the critical stress at turning point is attained. The

improvement of initial debond stress, o is also presented in the figure. Obviously, ol
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is not increased in linear proportion with actuation tempefgture. Substantial improvement
will only be obtained for 7> 50°C. However, initial debond stress can never be increased
to infinity with two major reasons. The first one is tﬁe limitation of the SMA wire for
which the extremely high temperature may cause plastic deformation {overshoot into the
plastic zone (Fig. 3.5)) and hence the relaxation of the SMA wire may occur and the
shape memory effect disappears eventually. The second one is the problem of over-
actuation with which the interfacial debond may start at the free end instead of the

loéding end.
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Figure 5.3 3-D plots of normalized strain energy release rate, N,
(=dU,/dl[2m aG,) for type-III loading condition in mode-b actuation.
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Figure 5.4 Plots of N for type-Ill loading condition as function of

externally applied stress, g;, at different actuation levels.

12

Chi-kin Poon

Chapter 5



Interfacial Behaviours of Smart Composites __ . 147
5.4 Debonding Behaviour of SMA-Matrix Cylinder

5.4.1 Partial Debonding Stress

Using Eqn. 5.96, solutions of partial debond stress, o7, for type-IIl loading
condition are plotted against debonded lepgth, ! as shﬁwn in Fig, 5.5. Stress value at /= 0
represents the initial deboﬁd stress, o, in the corresponding actuation temperature while
the value of o, for />0 represents the ref;uired axial stress acting on SMA wire that
leacis to the partial debond ét l. Using the location of o, as cutting line, the deboﬁding
process can be divided into twb parts: stable debonding and unstable debonding regions.

In general, the partial debonding stress, o7, increases stably as the debond crack

propagates. However, it decreases after reaching the maximum level, o),.

When the SMA wire is heated up to 40°C, minor increase of ¢, can be obtained
but g, will be improved substantially. Considerable improvement of these two stresses

will be achieved until 7> 4_()6C. This phenomenon can be easily identified from the
sﬁr‘tl'ace, plot as shown in Fig. 5..6. When the austenitic transformation starts at about 60°C
in strain-constrained condition, both the elastic modulus of SMA and recovery stress will
be increased instarﬁaneously. As a result, strain enefgy stored in constituents due to

recovery stress is increased at the instant and therefore the rate of change of debond

stresses against temperature is dramatically increased.
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Figure 5.5 Plots of partial debond stress, o, as a function of debonded length,
! for type-III loading condition at different actuation temperatures. (&, = 2%)
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Figure 5.6 Surface plot of partial debond stress, o, for type-III loading condition.
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5.4.2 Influence of Prestrain Values on Debonding Behaviour

FiguresVS.'?a and b show the effect of prestrain value, & on the development of
partial debond stress ét 606C and 80°C respectively. Referring to Eqn. 3.4 -for the solution
of constrained recovery stress o7, one may notice that o, should be linearly increased
with temperature before the auStenitic transformation start & is simply a variable whi;:h
governs the maximum recovery stress and the increasing rate of g;. In the other Words,
before the phasé transfonnétion, recovery stres§ generated inside a lcomposite is
independent of &, Influence of prestrain value is therefore reasonably insignificant in a
low actuation level as shown in Fig. 5.7a. However, wh;n the SMA wire is heated up to
80°C, g, takes up the major role in recovery action. Considerable improvement of both
the initial and maximum debond stresses could be obtained and the effect of & becomes
significant as shown in Fig. 5.7b. The initial deb_ond stresses at 1% and 2% prestrained
levels are 826MPa and 839MPa respectiveiy. Howgver when g, has beeh further
increased up to 4%, much high applied sﬁess is required to satisfy the debonding
critgrion and as a result, interfacial debond starts at 932MPa which is 12.8% higﬁer than -

tﬁ_at at 1% prestrained level.

5.4.3 Internal Stress Distributions in a Partial Debonded Condition

. Referring to Fig. 5.5 for the partial debonding stresses at 25°C, 40°C and 60°C,
when the interfacial debond propagates to half of total embedded length (point A, B and

C), the instantaneous axial stress distributions on SMA wire, g, are shown in Fig. 5.8.

Using the stress solutions derived in Section 5.2.1, g,, and o, can be obtained for the
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Figure 5.7 Influence of prestrain values, &, on partial debond stress, o7, . (a) Actuation

temperature 7'= 60°C and (b) Actuation temperature T = 80°C.
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debonded and bonded regions during debonding process and the junction point between

the two regions is considered as crack tip debond stress, o,,. In Fig. 5.8, points A, B and
C represent the initial debond stresses at 25°C, 40°C and 60°C respectively. The stress
levels slightly decrease in th_g debonded region toward the crack tip at L — z = 25mm but
- drop down immediately after entering the bonded region. This implies that the internal
stresses are not abllelto transmit through the interface effectively in the debonded region,
only a weak frictional shear, 7 takes up the role- for stress transmission and hence the

axial stress on SMA wire remains at high level in the debonded region.

At T = 60°C, when the interfacial debond propagates through 0.25L, 0.5L and

0.95L as illustrated in Fig.. 5.5, o), increases with / and drops in the unstable debonding
region. This phenomenon ‘is repro&uce& in Fig. 5.§'énd the corresponding stress levels
are denoted by the points E, A and D respectively. When / increases from 0.25Z to 0.5L,
o, increases accordingly, while the o7, -remaiqs at a constant level in the bonded region.
However, o, drops to zero immediately in the bonded region at / = 0.95L, which means

the effective internal stress transmission between the SMA wire and matrix is no longer

m_aintainable. Therefore, the wire-matrix interface will be totally debonded at the instant.
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Figure 5.8 Axial stress distributions on SMA wire, o}, in partially
debonded condition (/ = 0.5L) at 25°C, 40°C and 60°C.
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Figure 5.9 Evolution of axial stress along the SMA wire during debonding
process at 60°C.
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5.5 Summary

The total elastic strain energy on both the SMA wire and matrix cylinder is taken
into account to formulate the interfacial debonding criterion for the SMA-composites.
Solutions of stress distributions in the debonded and bonded regions are derived for the
SMA wire and its surrounding matrix respectively. These solutions are then substituted
into the debonding criterion that results in the nuxnex'i;:al solutions of normalized strain
energy release rate against the app'lied load. The substantial improvement. of the initial
debond stress is predlctcd with the increase of the actuatlon temperature. It has been
found that the initial applied stress is required to compensate the additional recovery
stress arising from SMA actuation before the further development of the strain energy

release rate.
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Chapter 6

Pullout Test of SMA Wire/Epoxy Matrix Cylinder

6.1 Introduction

A great deal of effort was expanded over the past decade in developing the
applications of shape memory alloys in composite materials. Numerous designs and
fabrication processes of composite structures built-in with SMA inclusions have been
proposed by different research groups [60,102,118]. Using the concepts of active control,
structure acoustic conﬁol [111] or shape control [82] can be accomplished with SMA
reinforced composites utilizing a novel technique termed ‘Active Modal Modification’
[119]. However, there is a lack of experimental findings on the interfacial behaviour of _
this ‘novel’ material system, which governs the mechanical limitation of the composite

structures.

- As discussed in the previous chapter for the evaluation of interfacial properties of
typfcal fiber-matrix composites using single-fiber pullout test, it is believed that the basic
interfacial properties of SMA-composites such as residual clamping stress ¢,, friction
coefficient between constituents p, interfacial fracture toughness G,. as well as the
critical debornding stresses o and o, (;an be determined from the pullout tests.
However, the basic equations for those critical properties are valid for the models with
constant material properties in' a well deﬁned loading condition. Due to phase
transformations in different loading-actuation scenarios, the martensite volume fraction

and hence the material properties of embedded SMA wire may change along the wire
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direction. Certainly, the interfacial properties sva]uated from the pullout tests are valid
for the model before actuation. Even though a long embedded length and relatively high
matrix-to-wire radius ratio are considered in pullout tests, which implies the constant
material properties can be achieved in a large portion of embedded length (as discussed
in Chapter 4), there is no effective measurement for the status of SMA inclusions at a
instant. Therefore, even though the basic interfacial prbperties (9o, p# and Gy) can be
obtained from the tests before SMA actuation occurs, due to the absent of instantaneous
material properties, -it is difficult to determine the interfacial properties of the SMA

composite during actuation.

Based on the captioneci difficulties on material properties measurement, only the
pullout test results in zero-actuation condition are employed for the evaluation of
interfacial properties in the current study. Referring to Chapter 5 for the stress solutions
and total elastic strain energy stored in constituents, only the material constants and
interfacial properues at initial state (when T = To) are required while the critical
debonding stresses can be predicted for any given actu_aﬁon temperature. Therefore, the
results from pullout tests are still applicable ‘to validate the prevxously developed

theoretlcal models and the debondmg stresses at different temperatures could be

employed to compare directly with the theoretical results.

Chi-kin Poon ' Chapter 6



{nterfacial Behgyiours of, Smart Composites _— 156

6.2 Experiments

This chapter .foi:-uses ‘on the expeﬁ@entﬂ 'studies of interfacial properties and
debonding behaviour of SMA reinforced epoxy ‘matrix composites. Experimental setup
and fabrication of specimens are described in the following sections. The embedded
wires were subjected to electrical resistive heating for the generation of shape memory
effect (SME) insid¢ an epoxy matrix cylin&er. For simplicity, type-II and rﬁode-b
loading-actuation conditioh is considered in the SMA-wire pullout test. Actuation
temperature is limited from 20°C .to 60°C so as to avoid the unwanted interfacial debond

to occur at free end (z=L) due to over-actuation of embédded SMA.

6.2.1 Experimental Setup

The SMA-epoxy cylindérs embedded with NiTi wires of diameter 0.25mm and
0.4mm were fabricéted for the pﬁllout tests so as to exam the critical stresses in
debonding processes. In order to increase the reliability and stability of the NiTi SMA
wires, a thermal-mechanical éycle &eaUnent was performed until no variation in stress-
strain_ pharacteristic.'was observed. Material properties of the SMA wires and e;')oxy
matrix cylinder are summarized in Table 6.1, The NiTi wires were elongated to the
targeted residual strain, g, and then embedded into the epoxy matrix cylinder during the
lay up process. Wire’s ends were fixed (Fig. 6.1) to-guarantee the alignment inside a
matrix cylinder, that can also prevent shape change during the curing process of €pOXy
matrix. Dimensions and the corresponding quantities of specimens are summarized in
Table 6.2. Pullout tests for the specimens at room temperature (T = T, = 20°C) provide

important information to determine interfacial properties of SMA-composites. In
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Table 6.1 Material properties and dimensional constants of epoxy matrix

cylinder and SMA wires.
5 e Y 4x 107 : 0.35
a)
#1 § 0.125 37.4 19.1 19.6 254 200 250
#2 0.2 47.2 1357 28 20 290 280
i §oh
m& o
: . ‘.“@?‘M ,
#1 40 T8 33 18 5.5 0.33 8
i . #2 38 75 35 20 5 0.33 8
Table 6.2 Dimensions and quantities of SMA epoxy-matrix cylinders. (/
or 2 represents quantity of the particular type of specimens.)

:m 1 2 2 I 2 ¥4
R o | e | 2 | 2
Uty Ph R Fp e )

g% |edE—g geleolaoa 1 | 2 | 2

addition, they are considered as basic samples to clarify the influences of SMA actuation

in the debonding process.

Experimental setup for the SMA-wire pullout test is schematically illustrated in
Fig. 6.3. Both debonding process and pullout test data (including pullout force,
displacement, partial debonded length and corresponding time taken) were captured by
using the high resolution digital video camera and MTS Tytron-250 micro-force testing
machine respectively. The embedded SMA wires were firstly heated to the target

temperatures (20°C, 40°C or 60°C) and then the pullout test started under the constant
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Figure 6.1 Experimental setup for the fabrication of SMA-epoxy cylinder

Figure 6.2 Fixtures for the specimen fabrication.

Chi-kin Poon Chapter 6



Interfacial Behaviours of Smart Composites

159

Scanner USB-21 A

Data 27
Logger USB-21A

@00

LI
(w/ K-type Thermal couple)
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actuation temperature (mode-b actuation). It should be note that as electric resistive

heating is applied for SMA actuation, fine-tuning of applied current may be required to

achieve target temperature on wires. However, SMA exhibits non-linear thermal-

mechanical cycles in the fine-tuning process (heating and cooling alternatively), that may

derivate the actual properties of the SMA from the predicted status basing on monotonic

heat up process. Therefore, the SMA was heated up monotonically to +3°C of the target

temperatures and then maintained constant during the pullout test. The loading end of

the wire was clamped on load cell and the cylinder was slowly pulled away from the

loading end at 0.5mm/min. Temperature on wire was continuously measured by using

KYOWA USB-21A scanner and UCAM-20PC data logger equipped with K-type

thermal couple

Chi-kin Poon

Chapter 6



Interfacial Behaviours of Smart Composites 160

Figure 6.4 Experimental setup.

Figure 6.5 Debonding process is recorded by high resolution digital video camera.
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6.2.1.1 Debonding Stress Analysis

Figure 6.6 shows the typical pullout test results for the SMA-epoxy matrix

cylinders subjected to different actuation temperatures. It should be noted that both the

maximum debond stress, o, and initial frictional pullout stress, O, can be easily

observed from the plots while the initial deobnd stress, o is relatively difficult to be

identified. The two major reasons include the risk of over-actuation and stress-induced
martensitic transformation (SIM) occurred during the test. Over-actuation is able to
initiate interfacial debond at free end instead of loading end [56]. In the other words,
even though o, can be clearly identified, it is may not represent the normal debonding

behaviour with interfacial debond starts from loading end (z = 0) and propagates toward

the free end (z = L). On the other hand, the SIM yields sudden slope change of stress-

600

500 +

400 -

300 -

200 +

Pullout Stress (MPa)

100 A

Wire dia.=0.4mm
Embedded Length=30mm

0.00 0.50 1.00 1.50 2.00
Displacement (mm)

Figure 6.6 Typical Pullout test results for SMA-epoxy matrix cylinders
subjected to different actuation temperatures.
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displacement curve. The initial debond, which is 'ﬁormally identified by sudden slope

change, may be covered up by the SIM.

6.2.1.2 Digital Video Monitoring of Debonding Processes

Due to the problems on the identification of initial debond stress, o9, in this study,

the measured pullout stresses in partial debonded condition were plotted against the
debpnded lengths, I, which were céptured by a high resolution digital video camera at the
instant. As an example, if ﬁe debonded length observéd in video is Smm from loading
end and the cofresponding time frame is 50sec, the instantaneous value of applied stress
can be traced back from the pullout test data for the same time frame. Depending on the
wire embedded length and the transparency of époxy matrix cylinder, two to eight sets of

o7 (l)and / results can be obtained from video. Figures 6.7a to ¢ show the images of

partial debond extracted from pullout test video for the debonded lengths, / at Smm,
I5mm and 25mm respectively. Using the instantaneous time frame as shown at right
bottom corners, the corresponding pullout stresses are readily obtained from pullout test

datd recorded by the MTS machine.
6.3 Determination of Interfacial Properties

6.3.1 Stress Drop Analysis

In puliout test for the conventional types of fibre-matrix cylinder with constant

material properties of both constituents, the maximum debond stress, o, is obtained
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when the remaining bonded length, L — I, reaches the critical value g . The previously

developed stress drop analysis [120] considers the difference between the maximum

debond stress, o, and initial frictional pullout stress, o, as given below,

.
Aoc=0,-0,

= gx}ﬁ[;ﬂ(f,—g')}{aj, +0, [exp(—,lg' —-1)]} 6.1)

where g° the critical _Boﬂd length, is considered as a material constant which is
independent of embedded fibre lchgth, L for any 'given composite system [120]. o, is
the crack tip stress in type-1II loading condition as given in Eqn 5.15 for z = /. Further

differentiating the logarithm of Ao with respect to L yields

dinAo _
dL

-4 (6.2)

One may notice that ~A represents the slope of In Ao -L curve. Therefore, using the

experimental data of o, o, and L, plot of In Ao versus against L can be obtained and

hence to evaluate A.

As previously discussed for the study of debonding behaviour, it is crucial to
determine the three parameters including U, 9, and G;.. After the evaluation of A from

stress drop analysis, these parameters can be easily determined as summarized below.

Determination of u :

Substituting A into Eqn. 5.25 gives,
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Figure 6.7 Images of crack propagation along interface between SMA
wire and epoxy matrix. The measured debonded lengths, / are (a) Smm, (b)
15mm and (c) 25mm respectively.
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_ai

=5 (6.3)

yZi

where £ is a constant value before SMA actuation.

Determination of g, -

From the force balancing condition, partial debond stress, &/ can be considered as
the sum of crack tip stress, gy and the stress components due to frictional shear in

debonded region

2
ol =0a,+=|r,d 6.4
d =Ty . _cff z (6.4)

The initial frictional pullout stress, o, can be obtained for / = L and the crack tip stress,

oy becomes zero at the instant. Therefore

o, =-‘2; frﬁdz

=o;[1-¢*] | 6.5)

where o; and A are constants at T <72 . Using a simple méan value method, the

asymptotic debond stress o, can be obtained as shown below,
o,=—) LI (6.6)

where (a fr) (=1 to m) represent the experimental data of initial frictional stress
J
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corresponding to different embedded length, L;. Finally, the residual clamping stress 9o

can be obtained from Eqn. 5.20

g, =~(o3+ nET)k

=-0,k forT=T, 6.7)

Determination of G, :

Substituting the expérimental results of cr;,. and L; into Eqn. 5.39, the interfacial

fracture toughness can be determined by using the mean value method as given below

T
G, = o ;[830'@.2 +C; (0'31. —~0'¢)0'q,,. + D, (0'3}. -0, )2] (6.8)

It should be noted that the coefficients L, , A, and N, arising from SMA actuation

become zero at T = T,. This implies that the total elastic strain energy stored in
constituents is independent of shape memory effect but due to externally applied load
only. Interfacial properties of SMA-epoxy matrix cylinders embedded with type #1 and

#2 SMA wires are summarized in Table 6.3.
6.4 Analysis of Debonding Stresses in SMA Actuation

6.4.1 Stress Development in Partial Debonded Condition

Referring to Fig. 6.6 for the typical pullout test results of dia.0.4mm SMA wire in
30mm epoxy matrix cylinder; it is no doubt that the higher the actuation temperature, the

higher the maximum debond stress can be attained. The recovery stress acting in the
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opposite direction of the applied load moderates the interfacial shear at loading end — the

potential crack tip. As a result, higher applied load is required to initiate interfacial
debond in the actuated SMA-composites. It should be noted that a ‘minor’ improvement
of maximum debond stress can also be observed at 40°C, which is supposed

immediately higher than austenitic transformation start temperature, 7. The recovery
stress for T< T increases linearly with temperature under a strain-constrained condition

and it is generally governed by a thermal coefficient of expansion, & Therefore, it is not
surprised for having improvement of maximum debond stress in such low actuation

temperature. Using the data obtained from the video capturing system, relations between

the pullout stress at partial debond condition, o and the debond length, / at 20°C, 40°C

and 60°C can be clarified. Figure 6.8 shows the data plots of ¢’ against / for dia.0.4mm

SMA wire with 30mm embedded length at different temperatures, where the plots for all
specimens with different dimensions are more or less the same under the identical
loading-actuation condition. Therefore Fig. 6.8 represents the typical experimental

results for illustration purpose.

In addition, the plots of theoretical solution, ¢ (Eqn. 5.96) against / are compared

with experimental results in Fig. 6.8. Both the pullout test results and theoretical
predictions agree that the higher the actuation temperature, the higher the debond stresses

are attained. This improvement is not only limited to maximum debond stresses, but also

Table 6.3 Interfacial properties for epoxy matrix cylinder
embedded with type #1 and #2 SMA wires.
Interfacial
Properties i u ' . Gy
(MPa) l.l/m:)
-16.50 126

-9.85 96

-
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Figure 6.8 Comparison between theoretical solutions and pullout test results of
partial debond stress, o against debond length, /.
the initial values. Initial debond stresses were estimated by using extrapolation on the
experimental data of o7 . Results indicate outstanding improvement in debond stresses
occurred at 60°C. However substantial increases of debond stresses can only be observed
for 40°C during the initial debonding process. Theoretical solution reproduces all these
changes due to shape memory effect. It confirms that both the initial and maximum

debond stresses as well as the slope of stress development in the debonding process can

be predicted in a good manner which means that the theoretical solutions are valid for

actuation temperature above or below the phase transformation temperature — 7. .

6.4.2 Improvement of Bond Strength

Again, solving Eqn. 5.96 for o at / = 0, solution of initial debond stress, o7 at

different actuation temperatures can be obtained. Figures 6.9 and 6.10 show the

influences of the SMA actuation on o for the matrix cylinders embedded with dia.
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0.25mm and 0.4mm NiTi wires respectively. The two types of wire were prestrained by

4% and the material properties applied for the theoretical solutions are summarized in
Table 6.1. Since the experimental data of o9 were estimated from video captured results,

due to the small dimensions and unclear matrix cylinder of several specimens, some of

the initial debond stresses could not be clearly identified due to lack of data for
extrapolation. This problem restricts the accuracy of oy estimation for L = 2mm.
Therefore, only the solutions for L = Smm, 30mm and 50mm are presented here to
compare with expe.riment'a.l data. Obviously, both the theoretical and .expen'mental |
ﬁnciings confirm the improveme_nt of initial and maximum debond stresses due to the

SMA actuation.

When the wire embedded length increases to 50mm, both the experimental results

for 0.25mm and 0.4mm SMA wires demonstrate outstanding improvement of ¢$ at

60°C as shown in F igs. 6.9 and 6.10 respec_:ﬁvely. ‘The maximum value of o, for
0.25mm wire with L = 50mm is 730MPa, which'is about 200% higher than that before
actuation (T = 20°C). Similar result is obtained for the case with 0.4ﬁ1m SMA wireand L -
#_S_Omm (o = 504MPa at 60°C), the impfovement of ipitial debond stress is alinost
160%.&1: can be found that the theoretical results reproduce the effect of SMA actuation
on g improvement in a genérally good manner in the fwo cases (0.25mm and 0.4mm
SMA wires) for different embedded lengths. "I;he predictions are particularly accurate for
L = 30mm and 50mm, while the considerable derivations of experimental data were
found for L = 2mm and Smm. In addition to the problem of over-actuation which leads to
sudden drop of pullout stress, fail to predict appropriate material properties of the SMA

inclusions may also reduce the prediction accuracy. As previously discussed in the

Chi-kin Poon Chapter 6



170

Interfacial Behaviours of Smart Composites
1000
W ‘ TheoryL=5mm |
900 | - - - —TheoryL=30mm
Bt Theory L=50mm
800 o L=2mm
O L=5mm
700 + L=30mm
E 600 X  L=50mm
£ 500
o
© 400
300 %
200 &
100 0
0 T

20 25 30 35

40 45 50 55 60 65

Temperature (°C)

Figure 6.9 Influence of wire embedded length, L on the initial debond
stress, o, under SMA actuation (for Dia. 0.25mm SMA wire).
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Figure 6.10 Influence of wire embedded length, L on the initial debond
stress, o, under SMA actuation (for Dia. 0.4mm SMA wire).
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Figure 6.11 Interfacial debond occurred at free end for L = Smm at 7= 60°C.

Chapter 5 for the application of equivalent material properties in the interfacial debond
criterion (Eqn. 5.39), the critical embedded length, L. is required to be satisfied for

achieving the ‘constant martensite volume fraction region’ (CMR) on the SMA wire

As a result the & value could be over-estimated and hence the calculation of total elastic

strain energy stored in constituents cannot be based on the constant material properties in

a given temperature.

Considering the results for the specimens with embedded length Smm, both the
initial and the maximum debond stresses for 60°C are lower than that for 40°C. This
observation contradicts to the outstanding improvement of debond stresses for 60°C as
found in all other pullout test results or even the theoretical predictions. Referring to
captured videos for those particular cases, it was found that the interfacial debond
initiated at free end instead of loading end as shown in Fig. 6.11 . It is probably the

problem of over-actuation on SMA wire for €, = 4%, which means recovery stress
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induced at free end may be too high to damage the interfécial bond. When the wire has

been heated up to a relatively high temperature (7 > 60°C), interfacial shear at loading
end could be moderated. However, at the free end, both the shear stress components
arising from recovery action and applied load act in the same direction. As a result, the

resultant interfacial shear becomes higher and eventually damages the interface.

6.4.3 Influence of Prestrain Value on Interfacial Débond

Referring to Eqn. 3.4 for the governing equation of constrained recovery stress, o, . .
prestrain value, £, is the critical parameter which .determines the maximum recovery

stress of a SMA wire in composite material. Therefore, it is crucial to clarify the effects

of £, in the SMA reinforced composites by comparing the pullout test results for
different £,-values. However, the accuracy of prestrained level of the SMA inclusions

depends on the- amouﬁt of unwanted cold works applied on wire during fhe fabrication
process, such as the installation of prestrained SMA wires into the fabrication mold (Fig.
6.1) and the preload apbl_ied for holding the SMA wire in the curing process of €poxy
matfin_(. All the-se uﬁavoidal-)le cold works may (;hange the final vélue of £, insi‘de a

composite structure. In order to minimize these potential errors in the experimental
studies, in addition to the specimens handling with extra care, prestrain values of 0%, 4%

and 8% are chosen so as to ensure substantial differences between the results.

Plots of experimental data and theoretical predictions of 0%, 4% and 8% prestrain
for L = 30mm and 50mm are shown in Figs. 6.12a and b respectively. One may notice

that the fairly good agreement between experimental data and theoretical solutions is
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obtained for 4% and 8% prestraihs. However, the experimental results for 0% prestrain
are always lower the.n those for higher prestrain values even in the low temperature
condition. When T < Tsj , the coﬁstituents are supposed suffering thermal expansion only,
and no considerable changes ef initial debond stress should be observed. However, in

order to fabricate the specimens with ¢, close to 0%, it is required to install SMA wires

on the fixture slightly. As a result, the wires’ alignment mey not be controlled as good as
those for-hiéher £,—values. Therefore, the effective intemel stress transmission across
wire-matrix interface may not be achJeved and as a result the interfacial shear at loading
end becomes relatively hlgh Eventually, 1nterfac1al debond may start at a lower stress
level. Except the unexpected pullout test results for 0% prestrain due to the captioned
problems, relations between initial debond stress and actuation temperature for other

prestrain levels can be predicted with reasonable accuracy in both low temperature

region (T < 72) and high actuation condition (T > TZ). The theoretical model
successfully predictes the dramatic improvement of o as actuation temperature
increased over T. Since the €,—value governs the maximum recovery stress inside,

which works against the extemally applied load on wire, it is reasonable for having the
hxghest debonding stress at 8% prestram within each given temperature regions (i.e. 20°C
40°C and 60°C). In case of 4% prestram both the experimental data and theoretical

predictions are always lower than or equals to those for 8% prestrain. In Fig. 6.12b, the
maximum value of o; obtained from pullout test for 8% prestrain is 784MPa at 68°C,

which is almost 300% higher than the one without actuation.
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Figure 6.12 Influence of prestrain value, £, on the initial debond stress, o

in SMA actuation for (a) L = 30mm and (b) L = 50mm.
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6.5 Summary

The previously developed theoretical model for the prediction of debond stresses
has been validated by usihg a hybrid-experimental method in this study. Except the
stress-displacement relation obtained from the single fiber pullout test, a digital video
capturing system was also employed to identify the direction of debond propagation and
the partial debonded length during the pullout test. This newly proposed experimental
method is particularly useful to study the fracture mechanics in the partially debonded
condition. Pullout test results confirm that both the initial and max‘i.mum debond stresses
. are improved with the inérease of actuation temperaturé. The results obtained from video
monitoring system clarified the relationship between partial debond stress and the
corresponding debonding length. It has been found that the initial debond stress under

the same actuation temperature was increased with wire embedded length.
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Chapter 7

Optimum Actuation Condition

7.1 Introduction

Techniques of using Shape Memory Alloy (SMA) wires as actuators inside the
hybrid composites have bef_:n studied extensively for improving mechanica_l properties of
structures. There were many experimental findings and theoretical predictions agreed
that the higher the actuation temperature on' built-in SMA  wires, the greater the
improvement in mechanical response of a composite due to recovery action of wires.
However, because of thel limitation of interfacial shear strength, over-actuation (by
means of electrical résistive heating) of the SMA wire is able to induce fhe development
of interfacial crack inside the composite structure. Whén the maximum interfacial shear
strength is attained due to vigorous fecovery‘action of the SMA wire under relatively
high température, interfacial debonding'may occur, In this chapter, a typical SMA-matrix
cylinder model is employed t-o. study the captioned risk of SMA actuation. The concept -
of '(;pﬁmum actuation condition (OAC) is therefore proposed in the current study so,as to
predict an appropriate actuation level to prevent structural failure due to over-actuation.
Influence of prestrain values as well as the geometric factors will be discussed in the
following sections so as to present an over-view on the feasibility of the OAC control for

the SMA-reinforced composites.
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7.2 Theoretical Analysis

In this chapter; the Sl\dA—matﬁx_ cylinder rﬁodel is employed again to evaluate
. effects of the SME and thermél expansion on the interfacial debonding during the
actuatioq process. Figufe'7.1 shows the Type I loading condition for the SMA-matrix
cylinder with fixed matrix bottom. The SMA wire end is subjected to a pull-out stress in

axial direction. Using Eqn. 5.29 for the solution of interfacial shear stress 7, in the type-

I/mode-b loading-actuation scenario,thé surface plot of interfacial shear. stress of the
SMA-matrix cylinder is oi)tained and shown in Fig. 7:2L The plot presents the effect of
actuation temperature on the interfacial shear stress distribution for L = 3mm, b/a = 40
and prestrain value, g, = 2%. When the wire end is subjected 'to an axial pull-out stress, o
= 500MPa but no electric current is supplied to heat up the wire, the interfacial debond
tends to start from loading end due to the highest interfacial shear stress. However, it is |
clearly shown that the stress value at z = 0 (loading end) is decreased with increase of the
tempefanlre.When the SMA wire is heated up, the stress level raises up atz = L, This
implies that, under a high actﬁation temperature, interfacial debond is able to start at the
free end even though an external stress is applied at loading end. Using Eqn. 5.29,
intérfacial shear stress distributions are pIotted-for different embedded wire lengths and
shov;rr'n 'in Fig. 7.3a. The figure shbws how the interfacial shear stress levels at free end (z
= L) for a given appIied load are affected by the embedded length, L in a zero-actuation
condition. Under a constant ratio of &/a = 40, o= 500MPa and T = T,, stress distribution
curves-for composités with shorter embedded length, L are always located at a higher
position. The predicted shear stresses at loading end, (0, o, T,) are almost the same for

all curves. Substantial derivation of stress values at wires’ free end, 5(L, o, T,) for
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Figure 7.2 Surface plot of interfacial shear stress inside a SMA-matrix
cylinder. (6 = 0.5GPa, L = 3mm, b/a = 40, & =2%.)
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L =2mm and 3mm is also found. This obsefvation implies that the axial stresses on SMA

wire are not effectively transferred to its surrounding matrix through the interface.
Therefore interfacial shear stress at free end is still reaéonably high in the case of short -

embedded length.

In addition to the effect of the wire embedded length, L on stress distribution prqﬁles
inside the SMA-composites, #/a ratio is another important parameter affecting the shear
stress distribution. Figure 7.3b shows the effect of matrix-to-wire radius ratio, b/a on the
interfacial shear stres_s distributior‘ls‘ for L = 4mm, T = T, and o= 500MPa at z = 0. It is
noted that for b/a = 10, i.nterfacial shear stress decreaéés as z increases in the first half of
the embedded length. However, 5(Z, 5,T,) increases to reach a finite value (approx. 20MPa)
at the free end. If the b/a ratio is further decreased, increases of interfacial shear stress at
free end can be observed. These shear stresses at free end become negligib]e for b/a 2 20.
This implies that a considerable high interfacial shear stress at free end can be generatedr
by the applied load, o'witho_ut .contn'bution of SME. This phenomenon is actually due to

the stress-free condition at wire end [114,115].
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Figure 7.3 Plots of interfacial shear stress distributions for a) different wire
embedded length, L. and b) different matrix-to-wire radius ratio, b/a. (where L,
=z/L)
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7.2.1 Definition of Optimum Actuation Condition.

Figure 7.4 schematically demonstrates the changes of stress distribution in different
temperatures. Dotted lines in figures specify the maximum interfacial shear strength, 7,
which is considered as a material constant. Whenever a curve reaches the line, interfacial
debond starts immediately. It is assumed that when 7 = T, and applied axial stress. at
loading end is o, the maximum interfacial s_héar strength, 7., is just satisfied
(210,04, T,) = 7). However, if the SMA wire is heated up to 7} or.even 75, the
maximum _interfacial shear sfress at loading end. is moderated (7,(0, ad;’, T or
71(0,6/,7T3) < 1)) and extra amount of axial load +A4o is thus required to increase the
shear stress again until 7, is satisfied to initiate interfaciél debond. In the worst scenario
as shown in Fig. 7.4d, the highest stress moderation at loading end is obtained. However,
the maximum bond strength is satisfied at free end without any further increase 6f the
applied load. Since the interfacial shear stress at free end is induced by applied load as
discussed previously, the ‘reduction of applied load -Ado may be required to lower the
stress level at z = L for avoiding the interfacial ﬂebo'nd. '

: If the actuation temperature is relative low, maximum sheat; stress will al;vays
appear at the loading end. However, as being shown in Figs. 7.2 and 7.4, further increase
in actuation level increases the interfacial shear stress at the free end accordingly. When
the critical actuation level (T = Ty, as illustrated in Fig. 7.4c} is achieved, the interfacial
shear sttess at both ends becomes the same (1{0,64°, Tpq) = .r,-(L, o4’ Toa)). The optimum
actuation condition (OAC) requires the equivalent shear stress at both the free end and

loading end for any particular level of axial stress acting on SMA wire. This criterion can
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Figure 7.4 Schematic illustrations of stress variations under constant applied
load but different actuation temperatures: a.) o= g/, T =T, b) o=0/, T =
Tne)o=of,T=T;=Tpsand d) ¢ = ¢, T = T; (Assuming that
T.<Ti<T,<T; and Ty, is an ideal actuation temperature for optimum
actuation condition.) :

be simulated mathematically‘by_setting the following condition

0,0, =7,(L,0,T) (7.1)

It should be noted that the Eqn. 7.1 is actually the relation between applied stress and the
actuation temperature. Therefore, using this OAC criterion for the equivalent values of

%y at both z = 0 and z = L, the specific relationship between applied stress, o and the

target actuation temperature, 7 can be numerically determined.
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7.2.2 Numerical Solutions of OAC zit Different Prestrain Values

Numerical solutions of OAC for the SMA-composites embedded with the SMA
wire prestrained By 1%, 2%, 3%, 5% and iO% are shown in Fig.7.5. Plots of critical
relations between applied stress o and actuation temperature T for satisfying the criterion
of optimum actuation condition Eqn. 7.1 is known as OAC plots in the current study.
Resuits indicate that the increasé in actuation tempe_rature increases the slopes of OAC
plots for the pre-strained vaiqe & > 2%. If the pre-strained values are controlled at
relatively low levels, & < 2%, s]opé of OAC plots will decrease or even tend to zero

when the actuation temperature is further increased.

7.3 Evaluation of Simpliﬁed Optimum'Actuation Condition

Substituting Eqn. 5.29 into Eqn.7.1 yields,

(300 +W W Wio +(O+ Wsao; +W4a)\f_ Yio COSh({W_JoL) - o+ Wal W:L COShM D+(o+y, oty Wy,
sinh{fy,, L) sinh(fy,, ) .

(7.2)

where the subscript ‘0” and ‘L’ répresent the corresponding parameters at z = 0 and L
respectively. Since all those parameters are complex functions of both o-and T, no explicit
solution can be derived for either oy7) or T(g) and only numerical solutions are available
for the relation between o and 7. As discussed previously, if the value of £ and #/a ratio
are sufficiently large under a zero-actuation condition, interfacial shear stress at free end

‘becomes negligible and hence the criterion of OAC can be greatly simplified by using a
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Figure 7.5 Plots of specific relations between applied normal stress, ¢ and target
actuation temperature, T under the optimum actuation condition (OAC) for different pre-
strain values (1%, 2%, 3%, 5% and 10%).

simple superposition method as following,

7,(L0,T)=17,(00,T) +7,(0,0,T.) (7.3)

where 7,(z,0,T) refers to the interfacial shear stress due to recovery action only and is
independent of the applied stress, . 7,(0,0,7) and 7,(L,0,T) represent the corresponding
recovery stresses at the free end and loading end respectively. 7,(0,0,7.) represents the

interfacial shear stress at loading end arising from externally applied axial load before
actuation and it can be formulated as a function of o for given geometric factors and

material properties from Eqn. 5.29 as shown below,

7,00,0,T,)=00+0Q, (7.4)
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in which, Q; and Q; are constants for the given material properties and geometric factors.

Applying Eqn. 5.29 again for the stress free condition at the wire’s end (o= 0 at z = L),

7,(L,0,T) .is given as following,

ay¥ul¥a
(L,0,T) =Y 1 cosh( o L 7.
(L= SR~ coshfr ) (7.5)

where yy, and yy; are independent of o due to the boundary condition for stress free
requirement at the free end (o = 0 at z = L). In addition, it is necessary to specify that
ri(0,0,T) is actually equals to 7,(L,0,T) in magnitude but act in opposite direction.

Therefore, Eqn. 7.5 can be further reduced to

7 0,0,7,)=27,(L0,T) (7.6)

It should be noticed that the left-hand side of Eqn. 7.6 is governed by applied stress only,
while the stress component in ﬁght_ hand side is simply a function of actuation
temperature. Due to the simplicity of Eqn. 7.6, this specific relationship is defined as

simplified optimum actuation condition (SOAC) in this study.
Finally, substituting Eqns. 7.4 and 7.5 into Eqn. 7.6 yields,

o7y = Wt = coshlyfy, 1) -, an
sinh(,fy,, L)Q, ‘

Eqn. 7.7 is an analytical solution of ¢ with respect to T. The ideal relations between
applied loads and actuation temperatures for achieving the OAC are therefore readily

determined by using this simple equation.
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7.4 Size Effect |

7.4.1 Effect of Wire Embedded Length on the QAC

Comparisons between analytical solution of SOAC-anc-l numerical solution of QAC
for different wire embedded _lgngths are illustrated in Fig. 7.6. It is noted that the
substantial derivations from numerical solutions are observed for analytical solutions of
SOAC for short embeddc_ad_ leﬁgth (L < 4mm). Considering the results for L = 3m_m‘as
shown in Fig. 7.65, as actuation temperature is gradually increased from initial
temperature 7, = 25°C, the dotted line climbs up in sync with the solid line. When
temperature is further increased to around 53°C, the dotted line starts to derivate from
solid line. This derivation is continuously increased as temperature increases. A more
obvious derivation can be found for shorter embedded Iehgth (L = 2mm) as shown in
Fig. 7.6a. The predicted actuation temperature of SOAC for an analytical solution is
always underestimated. Analytical solutions of SOAC are compatible with numerical
solutions of OAC when long embedded lengths are being considered as shown in Fig.

7.6¢ and d. Developments of both the numerical and analytical solutions are in sync for L

2-4’fnn_1.

7.4.2 Effect of Matrix-to-wire Ratio on the QAC

F igure 7.7 shows the effect of &/a ratio 611 solution of OAC. With reference to the
results shown in Fig. 7.6, it is not surprise for having similar effect on compatibility of
analytical solutions of SOAC by varying the &/ ratio only. As what was predicted in

Fig. 7.3b for the effect of b/a on interfacial shear stress distribution, when a small b/a
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ratio (< 10) is used, a finite value of shear stress at wire’s ffee end is able to derivate the
analytical solutions of SOAC from the numerical soiutions. As discussed above, the
interfacial shear stress gppeared at free .end before actuation is due to stress-free
condition. Therefore fhe effect of reducing &/a ratio is similar to that of reducing wire

embedded length L. Both of them result in the increase of interfacial shear stress at z = I,

7.5 Feasibility Study

~ Application of the concept of OAC requires the feed back of measﬁred normal
stress ¢, so as to determine the target actuation tefnperature T by using Eqn. 7.1.
Assuming that the same level of normal stress o, ié acting on the SMA-composites with
& = 1% and 5% respectively, and if the normal stress is increased by Aathé temperature
changes of AT, and 4T as indicated in OAC plots (Fig.7.8) are required for maintaining
the optimum condition. If Ao is considered as the precisibn of stress measurement, then
AT will be regarded as the minimum reqﬁired step size of actuation temperature,
Therefore, the smaller value of AT; implies that the smaller Sfep size of actuation
temperature is required to maintain at OAC. This actuation requirement directly indicates
the"fga_sibility of achie-ving‘ OAC by using the available actuation -system. In ord'er to
facilitate the feasibility study, it is essential to define an actuation index A as shown

below,

A=A | (1.8)

Ao

where A is the ratio of required temperature change AT to the variation of applied stress
Ao. The higher the actuation index, the lower the accuracy and stability requirement for

actuation control. Hence it is relatively easy to maintain at OAC.
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Figure 7.6 Comparisons between numerical solutions of OAC and analytical solutions of
SOAC for different wire embedded lengths: a.) L = 2mm; b.) L = 3mm; c.) L = 4mm and
d.) L = 30mm.
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Figure 7.7 Comparisons between numerical solutions of OAC and analytical solutions of
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Figure 7.8 OAC plots for & = 1% and 5% illustrate the concept of actuation
index A=AT/Ac for the feasibility assessment.

7.6 Example for the Feasibility Study of OAC

Assuming that there are two SMA-composites A and B with & = 1% and 5%
respectively And if the two composites are operated between the stress levels of 0.5GPa
and 0.7GPa, the average actuation index should be A ~ 30°C/GPa and Ag ~ 100°C/GPa
as shown in Fig.7.8. It implies that the composite B is much more sensitive (~6.67 times
of that of composite A) to the temperature change. Therefore, if the precision of
temperature control is assumed to be +1°C, the maximum derivation from the targeted
normal stress o; will be £ 0.0125GPa and +0.0833GPa for composite A and B
respectively. It can be concluded that a SMA-composite with higher value of &, is more
difficult to be maintained at OAC or otherwise the temperature control system with

higher precision and accuracy is required.
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7.7 Summary

In this Chapfer, the Optiinum Actuation Condition (OAC) has been clearly defined

r

which specifies the relation between applied load o, 'a.'nd the target level of actuation
temperature 7. Nume;ical results indicated that the prestrain value & governs the
manipulation (actuation index) of the SMA-composites. In addition, a simple equation
for the determination of optimum actuation condition (OAC) was successfully
developed. Using the fundamental knowledge of size effect on stress distributions
obtained in this study, criterion. of OAC (Eqn. 7.1) has been reduced to a simple relation
between purely load~in'duc¢d and purely temperature-induced interfacial shear stresses at
different ends by using superposition method. This specific relation has been defined as
simplified optimum écmation condition (SOAC). The effects of geometric factors
including wire embedded length L and matrix-to-wire radius ratio 5/a on the interfacial _
-shear stres;t; distribution under the zero-actuation condition have been studied. It has been
found that the mterfac1al shear stress at free end is negligible for high values of L or b/a.
An analytlcal solution for SOAC (Eqn 7.7) clanﬁes the 1deal relation between externally
applied stress and the qorresponding actuation temperature. It provides an explicit ]
solution for OAC for the SMA~composite with sufficiently large of b/a fatio and/or L
and he;lce to promote the application of QAC in the-design optimization qf the SMA-

composites.
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Chapter 8

Finite Element Ahalysis of Internéi Stress Distributions

8.1 Introduction

As discussed in Chapter 3, even thougﬁ the embedded SMA wire is subjected to a
constant actuation temperaturg and the temperature distribution is assumed uniform,
| material properties of tﬁc SMA wire may still vary along the embedded length. Due to
the stress transmissi.on from the SMA wire to_its surrounding matrix across their
interface, stress distributions on both constituents may not be uniform. This problem is
particularly serious in the SMA-composites with short wire embgdded length as

discussed in Chapter 4. When the prestrained SMA wire is heated up to the transient
temperature 74, austenitic phase transformation starts inside a composite and hence the
martensite volume fraction é" decreases with temperature increase., However,

depending on the given -bduﬁdary condition, non-uniform axial stress distribution on the
- SMA wire governs the gvolutiqn of & dUring the SMA actuation. Referring to the
'ri;.unerical' results obtained in Chapter 4, depending on the givenr loads and bou‘ndary
conditions, the & -values at ﬁle first-half (0 < z < L/2) and second-half (L/2 < z < L) of
the embedded wire can be totaliy 'different. In certain extreme cases, the &-value may
increase or decreése monotonically along the embedded Iength. Therefore, without the
comp}ehensive studies on the criteria for aéhieving uniform distributions of & -value,

one cannot simplify the problem of £ -evolution by using a constant & -value throughout

the embedded wire.
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This Chapter fo_cuses on the aﬁalysis of internal stress distributions in the SMA
composite using the ﬁrﬁté element method (FEM). Due to the limitation of finite
element analysis (FEA) software package; the material property assignment function
does not support th¢ constitutive model of shape memcﬁy alloy that allows the change
of the material propel_'ties with-tem};erature and stress. Because of the non-uniform

stress distributions on the SMA wire, the ¢ -evolution in the wire direction yields the
inconsistence of elastic modulus £ + along the embedded wire. In order to facilitate the

finite element analysis for the SMA-composites, it is crucial to input the appropriate
material constants for the SMA component in the finite element model. In the current
Chapter, the concept of ‘cor_lstant' martensite volume fraction region (CMR)’ is

employed to estimate the equiVaIent E, -values for the SMA wire at different specified

actuation temperatures.

In addition to the assignment of appmp_riate material constants for the FE model,
the success of the'FE;,A also stfongly relies on the appi'opriate assignment of loads and
boundary conditions, development of geometric ‘models as well as the meshing
-tegﬁhm'ques. In order to simﬁlate the effect of SMA actuation on the partiaily debonded
.tv;ro-cylinder model, a contact surface subjected to frictional shear is created at the
predefined section of the interface between the SMA wire and matrix. For the
simulation of perfectly bonded SMA wire/matrix cylinder, the simple linear static type
of FEA solutions is used to calculate the internal stress &istributions In constituents.
Howe‘:/er, when the interfacial debonding éccurs and sliding starts at the debonded

region, the nonlinear static type of FEA is required to solve the frictional contact

problems.
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All the captioned concerns regarding FEA of the stress distributions in the

FEA results are then employed to validate the theoretical solutions of stress
distributions as well as the application of equivalent martensite volume fraction &

proposed previously in Chapter 4 and 5 respectively.

8.2 Selection of Material Properties for the SMA Wire

Using the concept of CMR proposed in Chapter 4, if the critical values of the wire
embedded length L. and the roatrix to wire radius ratio bs/a are satisfied, an equivalent
martensite volume fraction £ can be obtained. In the other words, the £ at z = L/2 for
L> L. and b/a > b./a is considered as a constant throughout the embedded SMA wire

and is given in Eqn. 5.38. The equivalent elasfic_ modulus of the SMA wire Ef
=E I(f)) at the given loading and actuation conditions can then be obtained by

substituting & into Eqn. 3.3. .Therefore, a constant value of elastic modulus can be used
in the FE model to sim’ﬁlate the mechanical response of SMA component. In this "
-_Chapter, only the mode-b actuation scenario is considered and all the material
propoﬁies of SMA employed for the numerical studies are listed in Table 3.1 unless

otherwise specified.

Since the FEA results will be employed to validate the theoretical solutions of
stress distributions in the SMA composite, the FE models are assumed to be subjected

to the specific applied stresses and actuation temperatures as shown in Figs. 5.8 and

5.9. The maximum applied stress ¢, employed in the current study is therefore limited
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Figure 8.1 Plots of critical transformation stresses using the material
properties of SMA listed in Table 3.1.

to 768MPa as illustrated in Fig. 5.9 for the partial debonded length / that equals to
0.95L. Figure 8.1 shows the critical stresses of phase transformations at different
actuation temperatures. It indicates that the stress-induced martensitic transformation
(SIM) will not occur at the limited stress level (up to 768MPa), the £ is therefore
remains unchanged after the actuation of the SMA at the stress-free condition. As a
result, the equivalent elastic modulus is independent of applied load but varies with

actuation temperature as given in Table 8.1.

In addition to the equivalent martensite volume fraction & and the elastic
modulus £ s » 1t is critically important to simulate the recovery action of the prestrained

SMA wire inside the matrix. Since the recovery action of SMA material is similar to
the thermal expansion or contraction of natural materials subjected to temperature

changes, the strain recovery of the SMA can be considered as a result of thermal
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Figure 8.2 Identification of reference temperatures (T, and T.;) and
stress increasing rate (S; and S,) from the plot of recovery stress versus
against actuation temperature.
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Table 8.2 List of the reference temperatures T, and the thermal expansion
coefficients f;,,, identified from the curve-fitting method.

contraction of a material. However, such coefficient should not be a constant for the

simulation of shape memory effect during the heating up process.

Recalling Eqn. 3.4 for the prediction of recovery stress o, under the strain-

constrained condition, the plot of recovery stress against actuation temperature can be
obtained as shown in Fig. 8.2. U straight-lines and hence the reference temperatures
(T'er and T,,;) and the corresponding slopes (m; and m;) can be obtained as illustrated
in Fig. 8.2. The data obtained for different temperature ranges are summarized in Table
8.2. Using the curve fitting method, the recovery-stress curve can be fitted in with two
straight-lines and hence the reference temperatures (7., and T,.;) and the
corresponding slopes (m; and m;) can be obtained as illustrated in Fig. 8.2. The data

obtained for different temperature ranges are summarized in Table 8.2.
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8.3 Development of 2D-Axisymmetric Models

8.3.1 Arrangemeni of 2D-Surfaces

Figure 8.3 shows the loading conﬁguretion of a SMA wire/matrix cylinder model
during the pullout test. Based on the simple geometry and loading method with single
applied load acting on the end of the SMA wire in axial direction, the influence of the
SMA actuation on stfess distribution inside this specific two-cylinder structure can be-
simulated by using a simplified two-dimensional axisymmetric model in the finite
element package for the sack of simplicity. Assuming;that the constituents are isotropic
and the interface between the SMA wire and matrix is either remains perfectly bonded
or pre-existed with a constant debonded regio_n (i.e. the debonded length will not be
further increased ie the simulation), the sirflpliﬁeci‘ axisymmetric 2D-solid models for

the corresponding configurations are shown in Figs. 8.4a and b respectively.

One may notice that.the fixture for holding the two-cylinder model reserves an opening
with sufficient clearance for the SMA wire to pass through as illustrated in Fig. 8.3.
_The opening size of the tallor-made fixture for this pullout test is approx1mately equals
to Imm in diameter which means the clearance between the 0.25mm dia. wire anc; the
edge of the circular opening is 0.375mm. The matrix body is therefore divided into two
groups (3 and 4 in Fig. 8.4a, and 3-4-5 an& 6-7-8 in Fig. 8.4b respectively) which allow
the easier identification of restricted end for the load and boundary conditions
assignments. In addition, the SMA wire in each model is created with 10mm extension

from the matrix body, it is composed with two surfaces (1 and 2) so as to define the

bond and debonded region at the interface.
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Figure 8.3 Identification of loads and boundary conditions in the wire-
pullout test configuration.

8.3.2 Surface Meshing

In addition to the development of the 2D geometries, it is crucial to select an
appropriate mesh type as well as the mesh density which governs the accuracy of the
FEA results. To satisfy the requirement of axisymmetric solid modeling, the 2D-solid
meshing with ‘Tria’ element shape is used, while the element size at the interest zone is
controlled by means of seed assignment. The curve or an edge of surface created with
mesh seed definition is considered as a boundary predefined with mesh nodes that
forces the development of 2D-mesh to follow the required pattern and density. The
MSC Patran provides several types of mesh seed to satisfy the captioned requirement.
In the current study, the three basic types of mesh seed arrangement including
‘uniform’, ‘one-way bias’ and ‘two-way bias’ are employed to increase the mesh

density nearby the interface between the SMA wire and matrix as well as the crack tip,
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Figure 8.4 Mesh seed assignments on the axisymmetric 2D-solid models
for a) the fully bonded (model #1) and b) partially debonded SMA

wire/matrix cylinders (model #2 — #4).
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Figure 8.5 Definitions of a) one way bias - and b) two way bias - mesh seed
assignments in MSC. Patran 2003r3.
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Table 8.3 Mesh seed assignment on the corresponding edges of surfaces.
Types of Mesh Sceed

Model #

loading end and embedded end. Definition of one-way and two-way bias types of mesh

seed are schematically illustrated in Fig. 8.5. Figure 8.4 shows the mesh seed
assignment applied on the four 2D axisymmetric models for the partial debonded length
[ =0, 125, 25 and 47.5mm (named as model #1, 2, 3 and 4) respectively and the

information for the corresponding types of mesh seed are listed in Table 8.3.

8.3.3 Loads and Boundary Conditions

Figure 8.6 and 8.7 demonstrate the assignment of the loads and boundary
conditions on the perfectly bonded and partially debonded interfaces respectively. Due
to the result of shrinkage arising from the curing process of matrix material, a residual
clamping stress g, is reasonably applied on the surface edge 3.4 which represents the

inner surface of the matrix body.

For the 2D axisymmetric problem, surface edges 1.4 and 2.4 form the centerline
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of the model. Therefore, a specific dlsp]acement constram w1th 12456’ (freeze the
transverse dlsplacement in X- and Y- axis, and rotatlon about X-, Y- and Z-axis
respectively) should be assigned to such centérline. In order to simulate the condition
without externally applied loaﬂ but SMA actuation only, the center node on surface
edge 2.4 is not allowed to move in all the six degrees of freedom (DOF) as shown in
Fig. 8.6a. HoWevér, 1n the case with pullout stress o, applying on the wire’s end, the
surface edge 4.3 should be froze in five DOF except the transverse displacement in X-
axis (i.e. ‘23456’) instead ‘olf a'single fixed node on sﬁrfaceredge 2.4. In addition to
these kinds of displacement constrains, all other nodes on the model are assigned with
the special attributes that allow the transverse motions in X- and Z-axis, and rotations

about the Y-axis only (i.e. ‘246").

Finally, during the SMA actuation, the embedded SMA wire and its surrounding
matrix are assumed to be subjected identical and constant temperature in the steady
state. Therefore, all elements in the models are defined as subjecting to a constant

temperéture in different actuation levels.

8.3.3.1 Special Meshing Assignment for the Nonlinear Contact Problem

Models #2 to 4 simulate the SMA wiréﬁnatrix cylinder in the partially debonded
conditions with different debonded length /. Since the debonded surfaces remain in
conta(;t throughout the pullout process, fric.tiona] shear on the debonded surfaces is
responsible to the stress transmission frorﬁ the SMA wire to the surrounding matrix..
However, the SMA wire slides on the matrix surface résults in a large relative

displacement between the nodes on surface 1.2 and 3.4. Therefore, nonlinear
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Figure 8.6 Assignment of loads and boundary conditions on the
axisymmetric 2D-solid models for the simulations of a) SMA actuation
without applied pullout stress and b) SMA actuation with applied pullout
stress in model #1 — perfectly bonded condition.
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Figure 8.7 Assignment of loads and boundary conditions on the
axisymmetric 2D-solid models for the simulations of SMA actuation with

applied pullout stress in the model #2, #3 and #4 — partial debonded
condition.
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Figure 8.8 Special arrangement of surface meshing for satisfying the
‘contact’ assignment between the surface edges 1.2 and 3.4.

static analysis is employed for the partially debonded condition. Any two adjacent
surfaces or edges of 2D axisymmetric surfaces can be defined as in contact with each
other. However, if the displacement Ad between any two nodes on the adjacent surfaces
is smaller than the global model tolerance (defaulted as 0.005mm in the current
studies), the associated nodes will be considered as equivalent and the ‘contact’
attribute cannot be created successfully. One may notice that the surfaces of the SMA
wire and matrix along the debonded region are sharing the same point at crack tip,
which means they cannot be directly defined as in contact for having the common node
at the same position. The extremely small surfaces 4 and 7 were therefore inserted
immediately above the crack tip for separating the bonded and debonded regions in the

matrix. These small pieces of surface can offset the end point of surface edge 3.4 away
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from the crack tip. Using this special arrangement of 2D geometries and careful

selection of mesh density and pattern on the surface edge 1.2 and 3.4, the contact

surface can be successfully defined in the model #2 to 4.

8.4 Comparison between FEA and Theoretical Results

8.4.1 FEA Resuilts

After the input of relevant material prqperti_es_fpf SMA and époxy matrix, the
created models were then submitted to the MSC.Nastran for the nonlinear static
calculations. Figure 8.9 shows the typicél result of resultant deformation in a partially
debonded condition with / = 25mm, 7 = 60°C and 0z = 757.5MPa. It can be found that
the deformation of matrix in the debonded region is much sma.ller than that in the
bonded region. It is a reéult of sliding on the'debonded surface, where the frictional
shear stress remains and hence generates minbf deformation in the debonded region. In
addition to the déformation of the surface edgés 3.4, 4.4 and 5.4 (inner surfaces of
matrix) in +Z direction, the matrix body is found to be defoﬁned in the —-Z direction.

That should be the result of thermal expansion of the matrix cylinder.

Figures 8.10a and b show the fringe plots of axial stress and interfacial shear
stress distributions respectively. Under the relative high applied load and actuation
temperature (o, = 757.5MPa and T = 60°C), the axial stress distribution on the SMA
wire is found to have a dramatic drdp witl"nin a short wire length immediately in behind

the crack tip. The wire in the debonded region is continuously maintain at the high
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Figure 8.9 Deformation at the junction point between the bond and
debonded regions. (7= 60°C and g, = 757.5MPa)

]

stress level because of the poor stress transmission across the interface where the
frictional shear can serve a minor stress reduction only. As a result, the SMA wire takes

up most of the applied load in the debonded region.

Figure 8.10b confirms the sudden increase of interfacial shear stress behind the
crack tip. It explains the effective stress transmission in the bonded region where the
applied load transfers to the matrix effectively and hence the sudden drop of axial stress

1s observed in Fig. 8.10a.
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Figure 8.10 Fringe plots show the distributions of a) axial stress (Z —
component) and b) shear stress (ZX - component) around the defined crack
tip on the 2D-axisymmetric model. The applied load and actuation
temperature are 757.5MPa and 60°C respectively.
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8.4.2 Internal Stress Distributions in the Perfectly Bonded Condition

This section fécuses' on the comparison betweeh the FEA results and theoretical
solutions developed in Chapters 3 to 5. All the models are assumed to be subjected to
the mode-b actuation which-means the embedded SMA wire is actuated to the target
temperature prior to the application of pullout load. The first comparison is performed
for the SMA w.ilée/n'latrix cylinder under the perfeétly bonded condition and zero
applied stress. Figuresls.ll'a_ and b show the influence of the SMA actuation on the
axial stress and interfacial shear stress distributions respectively. In Fig. 8.11a, the
negative but ﬁinor axial sﬁess is obtained from the fEA result at T = 25°C, while the
zero stress level is predicted by the theoretical solution l(Eqn. 5.34). It could be the
result of residual clamping stress applying on the inner surface of matrix cylinder
where the matrix body is defprmed in the axial-direction. Unlike the thermal expansion
of the matrix cylinder, since the residual étress (compressive) is assumed applying in
the radial direction and the elements (except the center point as illustrated in Fig. 8.6a
in FE model) are aliq'Wed, to'mbve in X-Z plane and rotate about Y-axis, the elements
adjacent to the interface z.l.re tends to compress tow&d the wire’s center point in both X
_ar_ld 4 ciirection. Asa result, the negative axial stress is found in the FEA result. Except
the effect of residual clamping stress observed form FEA results, all the results
demonstrate a fairly gqod agreement between the FEA results and theoretical
predictions. The differences be;lbw 10% are obtained for the actuation temperature

increased as high as 80°C.

Similarly, fairly good agreement between the FEA and theoretical results are also

found in the plots of interfacial shear stress z; as shown in Fig. 8.11b. It shows that the
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Figure 8.11 Comparison between theoretical and FEA results for the a) axial stress
distributions and b) interfacial shear stress distributions for &, = 0MPa.
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theoretical results obtained from Eqn. 5.37 predict the similar distribution profiles

along the whole embedded length incIuding two embedded ends. However, substantial
derivation is found when the actuation temperature is increased upon 80°C. One may
notice that the equivalent.elastic modulus is employed for the SMA material in the
FEA. However, as previously discussed for the evolutions of material properties of the
embedded SMA wire, such evolution mechanism cannot be reproduced in the analysis
which considers an equivalent (constant) value of elastic modulus only. This
phenomenon becomés more sigﬁiﬁcant at high actuation temperature. Since the wire’s
embedded ends (z = 0 and L) are sub_]ected to zero axial stress, the martensite volume
fraction & at the low-stress rcglons (nearby the embedded ends) should be much lower
than the equivalent value. In the other words, the elastic modulus is underestimated.
The effectiveness of stress transmission between the SMA wire and matrix is
reasonably low in the FEA and hence the calculated interfacial shear stress is lower .

than the theoretical prediction.

Considering that the SMA wire is subjected td a constant applied stress ¢, =
_SOOMPa as shown in Flgs 8.12a and b, the plots of axial stress and 1nterfacxal shear
stress distributions also present a good agreement between the FEA results and
theoretical predictions. Comparing to the results obtained for case with zero applied
stress (Fig. 8.11a), no subs_tadtial difference on the axial stress is found at the middie

section of wire embedded length.

Figure 8.12b shows the results of interfacial shear stress distributions. It should be
noted that both the FEA and theoretical results predict the reduction of shear stress at

loading end with temperature increase. However the derivation between the FEA and
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theoretical results is much smaller than that obtained in the Fig. 8.11b which means the

externally applied load will minimize the prediction error due to the application of

equivalent elastic modulus.

Figure 8.13 shows the comparison between the F EA and theoretical results for the
prediction. of interfacial shear stress 73 at free end (z = L) for the case with the SMA
actuation only. Certainly, the tht_eoretic'al predictions can match fairly well with the FEA
resu_lts, especially for the temperature increased up to 60°C. The derivation increases
with temperature due to the application of equivalent elastic modulus in the FE model
where the effectiveness of stress transmission is underestimated and hence the shear

stress calculated from the FEA is lower than that obtained from the theoretical model.

As discussed previously for the case with applied load o, = 500MPa, the
predictions of interfacial shear stress at loading end obtained from the FEA and the
theoretical model can match very well évcn for the relatively high actuation
temperature as shoWn in Fig. 8.14a. However the results derivate at the freeend (z = L)
when temperature is increased upon 60°C as shown in Fig. 8.14b. It seems to be the
re.sult of effective transmission along the wire-matrix interface.that minimize's the

influence of applied load on stress distribution at the free end. Therefore, the prediction

is similar to the case without applied load but the SMA actuation only.

The comparison of axial stresses, o, on the SMA wire at z = L/2 obtained from

the FEA results and theoretical predictions is shown in Figs. 8.15a and b. Unlike the

results obtained for interfacial shear stress 7,; at the embedded ends, both of the FEA

and theoretical results demonstrate the consistence development profile within the
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Figure 8.12 Comparison between theoretical and FEA results of the a) axial stress
distributions and b) interfacial shear stress distributions for o, = 500MPa.
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Figure 8.13 Development of interfacial shear stress 7, at free end (z =
50mm) due to SMA actuation only.

targeted temperature range. The influence of applied stress on axial stress distributions
along the center portion of the SMA wire is relatively insignificant as presented in the
two plots. It confirms that the application of equivalent elastic modulus is appropriate

for the simulation of shape memory effect inside a composite.
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Figure 8.14 Reduction of interfacial shear stress 7, at a) loading end (Z =
Omm) and b) free end (Z = 50mm) for o, = 500MPa.
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respectively.
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8.4.3 Internal Stress Distributions in the Partially Debonded Condition

Referring to Fig. 8.10 for the fringe plots of stress distributions on the ZX-plane,
one may notice ‘that the sharp changes (within a very short length) of axial and shear
stresses were féund adjacent to the crack tip. The stress data obtained from the FEA for
such nonlinear problem, including the calculations of frictional shear in the dcbdnded
surface, are plotted against the wire embedded length as shown in Fig. 8.16. Figure
8.16a shows the plots of axial stréss distributions at different actuation temperatures for
the partial debonded length / = 0.5L. It should be.noted that all the correspondingl
applied stresses o, are calculated by using Eqn. 5.96 for the gi\-ren debonded length and
actuation temperahire. It can be found that both FEA and theoretical model predict the
similar results with minor difference at the critical position — crack tip. Due to the
application of ‘one-way bias’ for the mesh seed assignment on the debonded region of -
the SMA wire, the relative low density of surface meshing at loading end yields the zip-
zap shape of data plots for 60°C in the debonded region. The stress drop immediate
after the crack tip is found to be perfectly predicted by using the theoretical model. The |
stress levels at different actuation temperatures in the bonded region also agree well

]

with the FEA results.

Considering the comparison of interfacial shear stress distributions as shown in
Fig. 8.16b, the predicted values at the crack tip match fairly well with those obtained
from the FEA. It confirms the validity of shear stress prediction by using the theoretical
model even for the interfacial debond c_leveloped_ upon half of the wire embedded
length. However, due to the application of equivalent elastic modulus in such case with

short bonded length (25mm < L., where L. = 42mm), the modulus should be
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underestimated. Beside, the influence of crack tip stress o3 at z = L/2 becomes
significant toward the stress distributions at the free end. Therefore, the derivation
between the FEA results and theoretical predictions is found substantial at the end of

bonded region.

Fairly good predictions of axial stress distributions for / = 0.25L and 0.5L can'be
obtained as demonstrated in Fig. 8.17a. However, when the debonded length is
increased upon 95% of the wire embedded length, a serious derivation between the
results of the FEA and theoretical solution is found. In addition, Fig. 8.17b shows a
good agreement between the two results for the prediction of 1:3. for the debonded length
I which is increased up to 0.SL. When a very short wire length still remains bond with
the surrdunding matrix (L — z = 2.5mm or‘ 0.05L), the interfacial shear stress at crack
tip obtained from the FEA is much higher than that from the theoretical prediction.
Based on the captioned findings for the cases with different debonded lengths, it 1s
confirmed that the internal stress distributioﬁs for the condition with short debonded
length can be predicted well with the theoretical model. The substantial derivation
_between the results of the FEA and the theoretical prediction will be obtained as a

1

‘result of underestimated equivalent modulus in the very short deboned length.
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Figure 8.16 Comparison between theoretical and FEA results of the a) axial
stress distributions and b) interfacial shear stress distributions for / = 0.5L.
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Figure 8.17 Comparison between theoretical and FEA results of the a) axial
stress distributions and b) interfacial shear stress distributions at 60°C for

different debonded length /.
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8.5 Summary

In this chapter, the finite element me.thod was erﬁployed to study the internal
stress distributions within the SMA wire/matrix cyiinder. The resulté were compared
with the theoretical solutions in order to validate the theoretical model proposed in the
current study. The FE rﬁodels with predefined deboned surface were developed for the
simulation of stress distributions in a partially debonded SMA composite. Nonlinear
static analysis was used for the calculation of fri_ctional shear stresses on the debonded
surface. In addition, the concept of constant martensite-volurﬁe fraction region (CMR)
was employed to estimate the equivalent material properties of the embedded SMA
wire in the FEA. A series of stress distribution comparison confirmed that both the
FEA and theoretical results are matched in’a fairly good manner especially for the

models in the perfectly bonded condition.
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| Chapte_r 9

Buckling Control of SMA-reinforced Laminated Beam

9.1 Introduction

The fiber-reinforced composite (FRC) laminate has been widely used in various
engineering structures because of the high stiffness-to-weight ratio. However, the
buckling resistance has been a major issue for the des‘ign of a composite structure. The
FRC laminates react passively to the buckling load which depeids on the geometry and
material properties of the composite structure. In order to improve the buckling
resistance and enhance the stability pf overall structure, research -has increasingly
focused on the designs and reliability studies of the smart composite structures that equip

with the sensing and actuation systems to work against external stimuli [107].

This chapter.will focus on the study of additional buckling resistance arising from
the shape memory effccf of the SMA wire actuators embedded inside a laminated beam.
The recovery actioh éxploited in the conventional laminated beams enhances the
buck]ing response vﬁthout the application of surface-mounted type actuators. Phase
transformations accompanied by the changes of stiffness and strength of this novel
actuator provide the means to generate additional bending moment and hence to increase
the critical buckling load. Buckling test of the laminated beams with different number of
layers and wire diameters were conducted so as to study the influences of geometric
factors and material properties toward buckling resistance. A theoretical model
incorporated with th;e SMA’s constitutive law will be developed for the prediction of

buckling resistance.
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9.2 Modeling of Buckling Resistance of the SMA-reinforced
Laminated beam

To improve the buckling resistance of a laminated beam, prestrained SMA wires
were employed as the built-in actuators. In the current study, five pieces of SMA
actuator were embedded in the beam as shown in Fig. 9.1. The wires were all embedded
in the x-y plane and align in the direction of buckling (along x-direction) of the beam. In
addition to the wires’ orientation, the boundary conditions have to be clear defined for
either the experiment and theoretical analysis of buckling response. Considering the
typical loading configurations for buckling tests, the two major boundary conditions can
be categorized as clamped-clamped (CC) and simply supported-simply supported (SS)

conditions.

9.2.1 Loading Configurations

The buckling mode shapes of the SS- and CC- conditions are differed according to
whether the rotation about the y-axis is fixed. The laminated beam subjected to the SS
boundary condition showed greater lateral deflection than that with CC boundary

4

condition. The two mode shapes are shown in Figs. 9.2a and b.

Figure 9.1 SMA wires embedded in a FRC slender beam.
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{a) Simply Supported - Simply Supported

T T SMA wire

Figure 9.2 The first buckling mode shape of a) simply supported-simply
supported (SS) and b) clamped-clamped (CC) condition.

9.2.1.1 Simply Supported — Simply Supported Boundary Condition

When a laminated beam is supported by hinge-joints at the two ends as shown in
Fig. 9.2a, it is considered as a simply supported beam. This configuration allows the
whole laminated beam to bend in the continuous curved shape (purely curved upward or
downward). Figure 9.3 illustrates two possible arrangements of the SMA actuators in the
laminated beam for achieving different buckling responses. In the case that the wires

embedded eccentrically in the buckling direction and when the SMA actuators are heated

up, recovery force F,will be generated. The additional bending moment Mgy,

generated by such SMA actuation will occur in the opposite direction of My, which is the
bending moment arising from the buckling load P. As a result, additional buckling load
will be required to maintain the same lateral deflection v,. However, if the SMA

actuators are embedded in the opposite direction of buckling, the additional bending
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Figure 9.4 Embedded SMA wire in the direction of Buckling under
clamped ~ clamped (CC) boundary condition.
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moment M, will work together with M; in the same direction. Therefore, the lateral

deflection should be increased (i.e. v; > v,) under the same buckling load.

9.2.1.2 Clamped — Clamped Boundary Condition

Figure 9.3 shows the loading configuration of the SMA reinforced laminated beam
under the (I:lampe,d - clamped (CC) boundary condition. It should be noted that the model
is divided into four parts. The loading condition in Region 1 is similar to that of SS.
When the SMA wires are.actu'ated, additional buckliné can be obtained in such region.
However, the bending moment M, acts in the opposite direction in Region 2. In the
other words, the buckling is enhanced in this region and the additional buckling
resistance obtained in region 1 is counterbalanced. Therefore, the influence of the SMA
actuation in the CC condition is reasonably lower than that achieved in SS condition.
Since the SMA actuation in the CC boundary condition will not provide significant
improvement of buckling resistance as discussed in the previous section, only SS

boundary condition is considered in the current study.

9.2.2 Formulation of the Theoretical Model for Buckling Resistance

9.2.3.1 Basic Assumptions

In order to make sure that the buckling occurs in the designed direction, an initial
compressive load P, (also known as bias load) is applied on the both ends of laminated

beam as schematically illustrated in Fig. 9.5a. When the applied compressive load is
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Figure 9.5 Schematic diagram of laminated beam embedded SMA wires
subjected to a) the initial compressive load P, and b) the total compressive

load P respectively.

M= fwb - Mﬂma

v =y, +-Av

SMA wire actuator

Figure 9.6 Free body diagram
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increased by AP, the total lateral deflection vr (= vo + 4v) is obtained as shown in Fig.

9.5b. Figure 9.6 is the free body diagram which explains the mechanism for achieving

additional buckling resistance due to the activation of the SMA wire actuators. As

discussed in the previous section, the additional bending moment Msm, arising from

SMA actuation is able to moderate the overall bending moment. Therefore, the

formulation of theoretical model for the buckling resistance prediction can be started

from this novel mechanism. However, several basic assumptions have to be clearly

defined. They are summarized as following:

&
e

The lateral deflection v should be small; therefore the laminated beam is within
the elastic region and no fracture developedehen buckling occurs.

The cross section area of the beam is uniform in the entire length.

The elastic modulus of the laminated beam is independent of temperature change
during the SMA actuation.

The SMA wire actuators are activated prior to the application of compressive
load.

The flexural sfiffness is assumed constant and uniformly distributed across the
width (along the y — axis) the laminated beam.

The externally applied compressive force is assumed to be uniformly distributed
at the ends of the laminated beam and maintain its original line of action after
onset of buckling.

The bias load P, is assumed very small.

The embedded SMA wires are equally spaced, and the recovery stress generated
by the SMA wire actuators is assumed uniformly distributed across the width of

laminated beam as schematically illustrated in Fig. 9.7.
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Figure 9.7 Assumption of uniformly distributed recovery stress across the
width of laminated beam.

9.2.3.2 Model Development

Referring to the Fig. 9.6, the resultant bending moment M — for achieving

additional lateral deflection dv under the SMA actuation, can be formulated as given

below:
M, =AP(v, + Av) 9.1
M.\'ma = N : F;mlavl = F;mavl (92)

M=M,-M_,, =AP(, +Av)-F,_ v, (9.3)

where M, and M, represent the bending moment due to the additional compressive load

AP and the SMA actuation respectively. v, is the initial lateral deflection while Av is the

additional lateral deflected arising from the application of compressive load AP and
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SMA actuation. N is the number of embedded actuators while F, is the total recovery

force generated by the SMA wire actuators. Recalling Eqn. 3.4 for the constrained

recovery siress o;, the recovery force Fymq is readily obtained as

F_=04,,= [Ef(g)(ap ~5,£)+0(T-T,)|=d*/4 (9.4)

s

Since the SMA wire actuators are assumed subjected to a constant actuation level prior

to the application of compressive load on the two ends, £ and ¢, at any given

temperature can be estimated by using Eqn. 3.30 and 3.32 respectively.

Considering the basic moment-curvature relation between M and 4v,

d*Av
M=-EIl, px (9.5) -
and then substituting the Eqn. 9.3 into Eqn. 9.5 yield
d*Av =
EI e +AP(v, +AV)-F, v, =0 (9.6)

where [ is the second moment of area of the y-axis. The elastic modulus of the SMA

composite E is given as following

E=E, (1+¢)+E,¢ (9.7)

where ¢ (= Nxd*/(4tw—~Nnd*)) is the volume ratio of the SMA wires to composite

matrix. E. and Esmg are the elastic modulus of the FRC and the SMA respectively.
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Assuming that the initial lateral deflection v, is a sinusoidal function in the x-direction

(i.e. v, =asin(wx/L)), the Eqn. 9.6 can be rewritten as

d’Av AP NF_. . '
o +EID. Av = — v, ~k’asin(zx/L) 9.8)

El

b4
where a is the initial lateral deflection at the mid-point of laminated beam. Finally,

solving Eqn. 9.8 by using the boundary conditions of Av =0 at x = 0 and L, the general

solution of 4v along the x-direction can be obtained by

sin(7x/ L)+ M(I — cos kx _Q:._co_skjﬁ

R in kx 9.9
(w/ kLY -1 AP sin kL sin fx) ©9)

Av

Therefore, the lateral deflection 4v, at mid-point (x = L/2) of the laminated beam is

given below

A ' a + NF.Ivmavl 1 1

In T @Ik -1 AP eos(k)2) 619
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9.3 Experiment

9.3.1 Fabrication of SMA-reinforced Composite Slender Beam

Table 9.2 shows the quantities of the corresponding specimens with embedded
SMA wires of different diameters, while the arrangement 6f those wire actuators 1s
schematically illustrated in Fig. 9.8. Material properties of the SMA wire actuators are
listed in Table 9.1. One may notice that the material properties of a composifc structure
are normally sensitive to the curing temperature. In order to minimize the experimental
errors due to variation of the material properties of the specimens, eight pieces of FRC
slender beam were crdpped off from one single composite platc;. as shown in the figure.
As a result, the material properties of the eight pieces of FRC structures should be more
or less the same. Except the specimens with embedded SMA wires, the other two were
used for tensile test of the FRC beams with different numbers of layer so as to clarify the .

mechanical properties of the specimens without the SMA reinforcement.

To increase the reliability and stability of the SMA wires that were used to
fabricate the SMA-reinforced laminated beam, a thermomechanical cycle treatment was
fifst conducted until nﬁ variation in the stress-strain characteristic \.Nas observed. All the
wires were then prestrained by 6% before embedding inside the composites. One may
notice that the effectiveness of the SMA Aactuation on the buckling resistance strongly
relies on the orientation of the SMA wires inside the composite structure. Therefore, an
Aluminum framework as shown in Fig. 9.9 was used to maintain the alignment of the
wires during the fabrication process. Figure 9.10 shows the strain gauges installed on the

surface of a laminated beam. The measured surface strain at the middle point will be

employed for the calculation of lateral deflection due to the applied compressive load.
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Table 9.1 Material constants of SMA wire actuators.

Constants

225

;L 45.5 38 40

Ta0 90.5 75 63

P 50.0 x 10° 28 x 10° 19.5x 10°

Cu 38.0x 10° 20 x 10° 30.0 x 10°

o 65.5x 10° 190x 10°  93.5x 10°

o7 351.4x10°  280x10°  208.8x 10°

Ey 17.7x10°  13.7x10° 222x10°

Eq 406x10°  472x10° 424x10° |

&L 0.08 LCTE

9.3.2 Experimental Setup

In order to satisfy the requirement of simply supported-simply supported (SS)
boundary condition in the buckling test, a pair of tailor-made testing rigs was designed as
shown in Fig. 9.11. One may notice that the clamping head is allowed to rotate freely
about the hinge- joint. Therefore, the bending moment at the two loading ends rare
negligible. In addition, since the electrical resistive heating is employed for the SMA
actuation, it is crucial to ensure that identical electric current passes through each piece
of the SMA wire. Therefore, the wire actuators are connected in series as shown in Fig.
9.12. Figure 9.13 demonstrates the installation of the tailor-made testing rig on the MTS
Alliance RT/50 testing machine while the overall experimental setup is schematically

illustrated in Fig. 9.14.
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Table 9.2 Quantity of slender-shape  Figure 9.8 Dimension of composite with
specimens. embedded SMA wires.

Figure 9.9 A tailor-made fixture for the control of wires alignment during fabrication.
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Center mark

Strain gauges

Figure 9.10 Strain gauges were used to measure the surface strain during the

buckling test.

Fixing end

Figure 9.11 Tailor-made testing rig (x2 pieces) for satisfying the requirement
of simply supported-simply supported (SS) boundary condition.
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<«——— Connector

’ 11l HT*"““\-—- SMA wire

Power supply \

Figure 9.12 The SMA wire actuators are connected in series inside the laminated beam.

Clamping
head

Figure 9.13 Installation of the tailor-made testing rig on the MTS Alliance
RT/50 testing machine.
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Figure 9.14 Schematic diagram of experimental setup for the buckling test.

9.4 Experimehtal Results

Figure 9.15 shows the plots of the wire temperature against the applied electric
current for 0.35, 0.4 and 0.51mm SMA wire actuators. It should be noted that the plot of
0.51mm wire derivates from others when the temperature is increased upon 30°C while
the temperature of 0.35 and 0.4mm wires are increased steadily with applied current and
the substantial derivation occurs until the current increases upon 0.7A. As discussed
previously in Chapter 4 for the evolution of martensite volume fraction along the
embedded SMA wire, it is basically not practical for the SMA wire actuator, which is
subjected to the strain-constrained condition inside the matrix, to achieve 100%
austenitic phase transformation. Due to the increase of the phase transformation
temperature with the internal stress on the SMA, extremely high temperature may be
required to complete the austenitic transformation. During the buckling test of different

SMA-reinforced laminated beams, interfacial debond was found in some of the trial
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samples when the wire actuators had been heated up upon 58°C~60°C. In order to avoid
the problem of interfacial debond due to over-actuation, the target temperature range for
each specimen is therefore restricted to 50°C. Based on the temperature-current
relationships for the different SMA actuators, the appropriate current ranges are applied

on the corresponding specimens for the actuation purpose.

Figures 9.16 to 9.18 present the buckling test results for the 6, 10 and 14-layers
SMA-reinforced laminated beams respectively. Obviausly, the improvement of buckling
resistance by means of the SMA actuation is relatively less significant for the 6-layer
laminated beams while the best performance was found on the 14-layers specimens.
Referring to the Figs. 9.18a and b, substantial improvements of buckling resistance were
obtained for the laminated beams embedded with 0.4mm and 0.5lmm SMA wire
actuators. The compressive force is increased linearly with the additional buckling 7
deflection 4v,, and drop_ped steadily from the highest force levels. However, for the 14-
layer specimen embedded with 0.35mm SMA wire actuators, except the minor increment
at the initial buckling stage, the compréssive forces dropp below the initial values
immediately after the peak levels and decrease monotonically with the further increase of
Av,;,. The similar results are also obtained for the 10-layer specimens as shown in F ig.
9.17. The speciﬁen embedded with 0.35mm SMA actuators demonstrates poor
performance again in the buckling test. Although the increases of initial compressive
force were measured during the actuation, the force level dropped in the early stage of
buckling. Substantial improvement of buckling resistance can be found for the 10- and
14 layers laminated beams as shown in Figs. 9.17b and c. Similar to the results obtained

for 14-layers specimen, the compressive force is increased steadily with the lateral
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|© 0.35mm dia. |
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(A 0.51mm dia. |
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Current (A)

Figure 9.15 Relations between electric current and wire temperature for
different SMA wire actuators.

deflection Av,, in the initial buckling stage. However the force-drop starts earlier for the

10-layers specimen.
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Figure 9.16a Buckling test results of 6 layers composite with embedded Dia
0.35mm SMA wires.
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Figure 9.16b Buckling test results of the 6-layers laminated beam embedded

with Dia 0.40mm SMA wires.
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Figure 9.16¢ Buckling test results of the 6-layers laminated beam embedded

with Dia. 0.51mm SMA wire actuators.
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Figure 9.17a Buckling test results of the 10-layers laminated beam embedded

with Dia 0.35mm SMA wire actuators.
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Figure 9.17b Buckling test results of the 10-layers laminated beam
embedded with Dia 0.40mm SMA wire actuators.
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Figure 9.17¢ Buckling test results of the 10-layers laminated beam embedded
with Dia 0.51mm SMA wire actuators.
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Figure 9.18a Buckling test results of the 14-layers laminated beam embedded
with Dia 0.35mm SMA wire actuators.
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Figure 9.18b Buckling test results of the 10-layers laminated beam
embedded with Dia 0.40mm SMA wire actuators.
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Figure 9.18¢ Buckling test results of the 14-layers laminated beam embedded
with Dia 0.51mm SMA wire actuators.
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9.5 Analysis of the Results

Considering the buckling test results presented in the previous section, one may
notice that the effect of the SMA actuation for the enhancement of buckling resistance is
not significant for the 6-layers laminated beam. This result can be explained by using the
free-body diagram as shown in Fig. 9.6. Due to the geometric limitation for the SMA
wire installation inside such a thin structure, the perpendicular displacement between the
wires and the neutral axis (i.e. v;) is too short to generate sufficiently high bending
moment Mmg for the improvement of buckling behaviour. Similarly, the relatively thin
SMA wire - Dia. 0.35mm seems unable th: generate sufficiently high recovery force Fyp,
to work against the buckling load. Among the buckling test results for the nine
combinations of wire diameter and number of layers, the most significant improvement

is found for the 10-layers laminated beam embedded with 0.4mm SMA wires.

Base on the captioned preliminary conclusions on the buckling tests, the theoretical
analysis for the influence of the SMA actuation on the buckling resistance will be

focused on the 10-layers/0.4mm-wire laminated beam in the current study.

9.5.1 Analysis of Additional Buckling Resistance due to SMA Actuation

Recalling Eqn. 9.10 for the relation between additional lateral deflection 4v,, and
the SMA actuation for a given compressive load P, one may notice that the initial lateral
deflection « is required to be obtained. However, the deformation of a laminated beam
during the buckling test was measured by using the strain gauge attached on the surface

of the buckling side, it is therefore necessary to clarify the relation between surface strain
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Rcos6/2

Figure 9.19 Geometric illustration for a buckled laminated beam.

and lateral deflection for the prediction of 4v,,.

Figure 9.19 illustrates the geometric relations of a buckled laminated beam. The

general relations between the geometric variables are given as below:

g.\wj' =Vymax /R (91 l)
L=RO (9.12)
v, = R— R cos(6/2) (9.13)

Substituting Eqns. 9.11 and 9.12 into Eqn. 9.13 gives -

y, = Ymax [1 - cos(Lew-/2ymu )} (9.14)
surf

tn

Chi-kin Poon Chapter 9



Interfacial Behavigurs of Smart Composites - _ ' 246

where ¢, is the surface strain on the bucklirig side and ymax s the thickness of the beam
as illustrated in Fig. 9.19, If the beam is subjected to an.initial compressive force P, on
the two ends, the initial lateral deflection a can be calculated by substituting the

measured initial surface strain €. 1 Eqn. 9.13,

ey na [ ‘ '
v=a=? [1-cos(Le,,,, /2Vnat)] (9.15)

surfir

Finally, substituting Eqn. 9.15 into Eqn. 9.10 yields

+ —— ——
" f_EIy,,_1 AP 2
4 AP

Av = ymax/g.wn’b [I“COS(Lg-wcf&;/zymax )] NF.:-mavl {l —SCC[L AP ]} (916)

»y

Equation 9.16 is the solution for the additional lateral deflection of the SMA-reinforced .
laminated beam. It should be emphasized here that if a laminated beam without
embedding the SMA actuators is subjected to the applied compressive force only, then

the Eqn. 9.16 will be reduced as given below

_ Yo &t [1 —cos( Le ]2V )]

Av,
= EL, |
4 AP
or
EI. (z/LY
AP = ol (/L) (9.17)

( Vo / Evugo BV )[1 ~cos ( LE s [ 2 as )] +1

where E,, the elastic modulus of the composite is employed instead of the equivalent

value £ for the SMA-reinforced composite structure.
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9.5.1.1 Experimental and Theoretical Analysis of the Additional
Buckling Resistance
The additional buckling resistance (ABR) can be easily identified from the

experimental results by using the simple superposition concept as following,

P

act

=AP-AP|,,, (9.18)

where Ec, is the additional compressive force required to overcome the reaction arising
from the SMA actuation. AP and AP \w ,, are the measured values for a laminated beam

with and without SMA actuation respectively.

Similarly, the ABR predicted from the theoretical model should also be identified as

given below,

P

o = AP =AP| (9.19)

wio

where AP is the numerical result obtained from Eqn. 9.16 and AP|W,,, is the analytical

result of Eqn. 9.17.

Figure 9.20 shows the comparison between the experimental results and theoretical
predictions of the additional compressive force arising from the SMA actuation for the
14-layer lam-inated beam with embedded 0.4mm SMA wire actuators. The theoretical
predi;:tions agree fairly well with the exﬁerimental results. Both sets of the results
indicate the decrease of P, with the Av, increase. Referring to the Eqn. 9.3 for the
resultant bending moment of a buckled laminated beam, the Msmg arising from the SMA

actuation is considered as a constant while the M, should be increased with the increase
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Figure 9.20 Comparison between theoretical and experimental results of the
additional compressive force arising from SMA actuation for the 14-layers

laminated beam embedded with 0.4mm SMA wire actuators.

of the lateral deflection 4v,,. In the other words, when Av,, is getting higher and higher,

the resultant bending moment M is dominated by the Mj, and the influence of M,,, on the

buckling resistance becomes less significant.

9.6 Summary

In this Chapter, the feasibility of using SMA wire actuators in the buckling control

has been studied. The laminated composite beams embedded with 0.35, 0.4 and 0.51mm

SMA wire actuators were tested for the buckling resistance under the SS boundary

condition. In addition, the stress component arising from the recovery action of the SMA

actuators was incorporated in the classical theory of buckling of slender beam. The

martensite volume fraction has been estimated from the previously developed theoretical

model (Eqn. 3.30) and hence the material properties of the embedded SMA were
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estimated and inputted into the model developed in this Chapter for the prediction of

buckling resistance. The theoretical results were agreed fairly well with the experimental
findings on the estimation of additional buckling resistance at different levels of lateral
deflection. The improvement of buckling resistance was found significant for the initial

buckling stage.

Chi-kin Poon Chapter 9



Interfacial Behaviours of Smart Composifes _ o - 250
Chapter 10

Conclusions and Suggestions for Future Research

10.1 Conclusions

A comprehensive review of the literatures showed a great demand on the smart
materials and structures for modern designs of medical devices, aircrafts and motor
vehicles as well as the space structures. Numerous rr.f:searches reported the success of
using SMA actuators in various engineering structures, especially the fiber reinforced
composites (FRC), for the modifications of mechanical responses towards many different
external stimuli. However, there was a lack of theoretical models or even experimental

findings for the designs and reliability studies of the SMA-reinforced composites.

A
)]
:

In the present'study, a great deal of work has been done on the characterizations of
interfacial behaviours of the SMA-composites. The constitutive model of the SMAs has
been successfully incorporated with the classical stress-strain relations to formulate the
QOIUtion's of internal stresses. Martensite volume fraction & has been considered as a
governing parameter which determines the material status of the SMA inclusions under
the specific loading and/or actuation conditions. Solution of such critical parameter in the
strain-constrained condition has been derived as a function of applied load, temperature
and axial pdsition along the SMA wire. Also, the recurrent relation between axial stress
on the SMA wire and axial position at the given applied load and actuation temperature
has been also developed to predict the E-evolution and hence the evolution of elastic

modulus and axial stress on the SMA wire. Using the general stress-strain relations and
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equilibrium conditions between wire and matrix, the internal stress distributions were
predicted. Results indicated that axial stress on the SMA wire could be increased
substantially to improve the mechanical responses of a composite structure. However the
interfacial shear stress at the two embedded ends could be also increased and cause the
potential damage to the bonded interface at relatively high temperature. On the other
hand, if the SMA wire is subjected to an externally appiied load, ther SMA actuation is
able to moderate the interfacial shear and as a result, higher applied load is required to
initiate the interfacial debond. Parametric studies of the influences of the SMA wire
embedded length L and the matrix-to-wire ratio 4/a on the axial stress distribution on the
SMA wire were also performed. The results indicated that the maximum axial stress on
the SMA wire during the SMA actuation could be achieved for the sufficient long

embedded length and high matrix-to-wire ratio.

Since the evolution of the SMA properties strongly depends on the applied load
and actuation temperature, three types of loading conditions and two modes of the SMA
actuationsl have been defined as the typical loading-actuation scenarios for the SMA-
composites. The parametric_studies on the influence of geometric factors suggested that
the qqmpetenc_e of type III loading condition in the fiber pullout test could be achieved if
the critical embedded length and matrix-to-wire ratio have been satisfied. Also, the shape
memory effect (SME) was found more effective and the austenitic transformation could
be initiated more eﬁsily in mode-b actuation. In addition, the important concepts of
constant martensite volume fraction region (CMR) and constant axial stress region
(CASR) have been proposed as a research and design basis for ensuring that the
uniformly distributed material and mechanical properties can be attained at the targeted

region on the SMA-composite. The critical values of L. and b/a were therefore
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considered as the design guide line to ensure the required mechanical response can be

achieved by the actuated SMA-composites.

The total elastic strain energy on both the bonded and debonded regions has been
used to formulate the interfacial debond criterion of the SMA wire-matrix cylinder. The
theoretical model predicted substantial improvement of debond stresses with the incredse
of actuation temperature. The numerical solutions indicated that the normalized strain
energy release rate could be increased considerably due to the SMA actuation even at the
no-load condition. This result explained the possibility of interfacial debond at the free
embedded end induced ,bj/ over-actuation of the embedded SMA wire. Effects of
actuation temperatures and prestrain values of the SMA wire on the partial debond
stresses were also studied. The results showed the substantial improvement of both initial

and maximum debond stresses due to SMA actuation.

A series of pullout test have been conducted to obtain the critical debond stresses.
The interfacial properties were then evaluated by using the stress drop analysis. The
debonding behaviours of the actuated SMA wire-matrix cylinders were also closely
monitored by using a high resolution digital camera. The comparisons of initial debond
stress énd stress development in a partial debonded condition between experimental
findings and theoretical results were agreéd well with each other. Therefore, the
theoretical model developed in this study has been validated and the performance of the
SMA actuation on the bond strength improvement was also confirmed. When the
embedded SMA wire has been actuated to a relatively high temperature, the initial

deobnd was found at the free-end instead of loading end. Therefore, the possibility of
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structural failure due to over-actuation of the embedded SMA actuatgrs was also

confirmed.

Based on the -fact tJhat the interﬁi_cial shegr stress can be changed substantially at
different actuation temi;eratures, the optimum actuation condition (OAC) has been
clearly defined to specify the relation between applied load and the ideal actuation level.
Numerical resuits indicated that the higher the prestrain value of the SMA, the more
difficult the contfol of the OAC. The criterion of OAC has been further simplified to an
analytical form which is known as SOAC in the current study. It provides an expliéit
solution of the OAC for the model with sufficient large geometric factors including wire

embedded length and b/a ratio.

Finite element analysis (FEA) has been used to further clarify the internal stress
distributions in the SMA-composites. The 2D-axisymmetric models have been
developed with predefined debonded length. The frictional contact surfaces between the
SMA wire and matrix cylinder at the debonded region were successfully simulated with
the consideration of interfacial properties obtained from single ﬁber pullout test.
Ndn!inear static analysis was used to evaluate both the axial stresé distribution 0}1 the
SMA wire and the shear stress along the wire matrix interface. The equivalent elastic
modulus of SMA has been estimated by using the proposed recurrence relation to
simulate the instantaneous material status under different actuation levels. A series of
stress distribution comparisons indicated that the theoretical predictions could match

with FEA results in a good manner especially for the perfectly bonded condition.
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Application of SMA wire actuators for the buckling control of laminated beam has
been demonstrated to show substantial improvement in the buckling resistance. A model
of buckling response of SMA-reinforced taminated beam has been also developed on the
basis of classical buckling equation and the constitutive law of the SMA. The simply
supported-simply supported boundary condition has been used for the buckling test to
evaluate the additional bﬁckling resistance obtained from the SMA actuation. The
experimental results agreed fairly well with theoretical prediction in the estimation of
buckling resistance at different actuation temperatﬁre and the significant improvement

was found at the initial buckling stage.

10.2 Suggestions for Future Research

SMA-reinforced composite is a new class of novel material system which
possesses various advantages over most of the existing engineering materials and
structures. While some observations and correlations were made on the micro-mechanics
between the SMA inclusions and the surrounding matrix, there are still some other
researches that can fill up the remaining knowledge gaps regarding the design and
application issues. For example, the influence of heat transfer between SMA, matrix and
the ambience could be further analyzed to clarify the temperature distribution along the
SMA. In the other words, incorporating the heat transfer component into the model
developed in this study may help to estimate more practical actuation levels for

satisfying the required mechanical responses.

As previously discussed in Chapter 2 regarding several plausible methods to
improve the interfacial bond strength, embedment of twisted wire is one of the good

candidates for achieving this specific task. The twisted wire possesses relatively high
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surface roughness and hence the bonding quality may be improved. However, the

twisting process may induce non-uniform distribution of martensite volume fraction
across the wire’s cross section, the prestrained level on outer surface could be much
higher than that at the center. Therefore, the one-dimensional constitutive model of SMA
may need to be replaced by the one in three-dimensional form in order to reproduce the

mechanical response of twisted SMA wire.

Some research suggested the use of novel speckle pattern recognition technique
known as digital image correlation (DIC) to characterize the recovery action of the
embedded SMA wires. However the accuracy of such measurement is not high enough
for the qﬁantftativc analysis but only availéble for the quaiitative assessment. In order to
measure the stress distributions inside a SMA-matrix cylinder, it is suggested to install
an optical fiber bragg grating (FBG) sensor at the interface between the SMA wire and
matrix during the fabrication process, so that a specimen built-in with both SMA wire
actuator and FBG sensor can be obtained and hence the internal stress distribution due to
SMA éctuation could be measured directly. Depending on the dimensions and material
properties of the constituents, the stiffness of conventional type FEG sensor may be too
high to derivate the stress distribution. Therefore, the application of polymef optical‘.ﬁber

sensor may be considered in the future experimental studies.
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