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Thermomechanical Characterization of Shape
Memory Alloy Materials

D. J. HARTL AND D. C. LAGOUDAS

Having introduced the fundamentals of shape memory alloy behavior, the
characterization of SMA materials is discussed here. Such a discussion fos-
ters a better understanding of the thermomechanical constitutive response of
SMAs. Furthermore, proper determination of required material properties is
necessary for the development of comprehensive and accurate SMA material
models. Finally, it is perhaps the most important step in the practical imple-
mentation of SMAs. Whatever methodology one uses to design a given SMA
application, a quantitative evaluation of key material properties is required.

2.1 Introduction

The thermomechanical characterization of an SMA provides a qualitative
demonstration of the material behavioral characteristics and allows one to
derive distinct quantitative material properties. Like other classes of struc-
tural materials, shape memory alloys are tested by subjecting specimens to
prescribed thermomechanical inputs while monitoring the exhibited material
response. However, though the characterization of SMAs is based on the same
principles used to test other material systems, unique considerations exist due
to the complex constitutive behavior of shape memory alloys. These issues will
be this chapter’s focus.

SMAs exhibit coupled thermomechanical behavior, requiring the experi-
mentalist to carefully consider the particular inputs, or loading paths, applied
to the material. To quantify the complex behavior of SMA materials, various
loading paths are imposed while phenomena associated with the phase trans-
formation are recorded. These phenomena include the shape memory effect
and pseudoelasticity, as discussed in the first chapter. This chapter will focus
on the application and measurement of three thermomechanical fields in par-
ticular: stress, strain and temperature. As will be explained in the following
chapter, either histories of stress and temperature or strain and temperature
will be prescribed while the evolution of the third quantity will be measured,
usually by appropriate interpretation of traction, displacement, and tempera-
ture measurements at the specimen boundary. To consistently characterize an
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SMA material in a manner that suitably determines its properties, it is useful
to establish an experimental process during which various loading paths are
applied in a carefully considered progression. Such a process will be proposed
in this chapter and will be illustrated by considering the actual testing of
various SMA specimens.

2.1.1 Review of SMA Characterization Methods

From the time of the first comprehensive studies published on shape memory
alloy properties, particularly with respect to NiTi [1], researchers have sought
to fully understand the behavior of these materials. Many of the phenomena
observed in SMAs can now be explained in terms of underlying microstruc-
tural mechanisms and SMA behavior, under a given thermomechanical loading
path, can be phenomenologically described as this current level of knowledge
has matured over several decades. This has been made possible by carefully
planned and executed experimentation.

Years after the initial well-published discovery at the Naval Ordnance Lab-
oratory, NASA scientists completed a comprehensive report on the proper-
ties of Nitinol [2]. This report presents information regarding crystallogra-
phy, processing techniques, physical, mechanical and chemical properties, and
potential applications. Since that time, experimental investigation has been
ongoing. Researchers further focused on understanding the metallurgical and
microstructural aspects of shape memory and pseudoelastic behavior as exhib-
ited by a number of different alloy systems [3-6]. Experimental research then
began to focus on the phenomenological aspects of SMA behavior, including
increased investigation of the exhibited thermomechanical coupling and the
engineering applications of SMAs [7-13].

As shape memory alloy materials have gained acceptance for use in special-
ized engineering applications, it has become clear that some testing methods
should be standardized, especially in the medical field. ASTM International
has addressed this need by publishing standard test methods to guide SMA
experimentation efforts, especially for research and development of applica-
tions. While some standards are restricted to the definitions of terms or the
suitable composition of NiT1i alloys [14, 15], others address experimental meth-
ods directly. Standard test method F-2004 [16] addresses the details of Dif-
ferential Scanning Calorimeter (DSC) testing. As shown in Chapter 1, this is
an important test for observing transformation behavior in SMAs under zero
stress (see Sect. 1.8) and is used as a guideline to derive an estimate for all
four key transformation temperatures (i.e., M, Mf, A,, and Af). Note that
some special equipment is required and will be shown in later sections.

As an alternative method to estimate austenite start and finish tempera-
tures (A, and A ;) only, specification F-2082 [17] recommends the “Bend and
Free Recovery” test. This specification makes direct use of the shape memory
effect (Sect. 1.4) and does not require specialized equipment. According to the
specification, a specimen (wire, tube, or strip) is deformed when bending at
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a low temperature (T' < A,), causing regions to form detwinned martensite.
This leads to the generation of transformation strains that are not recovered
upon unloading due to the test temperature being below A_. The sample is
then slowly heated, and its geometric configuration is monitored. The tem-
perature at which the sample begins to recover its initial shape is declared to
be approximately equal to A, and the temperature at which recovery is com-
pleted is declared to be approximately equal to A Iz In addition to the marten-
site to austenite (M < A) transformation, this specification also addresses
martensite to R-phase to austenite (M — R — A) transformation for mate-
rials that exhibit this behavior (Sect. 1.8). The bend/free recovery method is
not addressed further here, but should be considered as a qualitative method
of measuring two of the four transformation temperatures.

Finally, specification F-2516 [18] addresses the tensile testing of SMA spec-
imens, especially those exhibiting pseudoelasticity at room temperature (see
Sect. 1.5). Applying mechanical loading/unloading cycles is important in the
testing of many materials, but for the investigation of SMAs, this is a key step.
The parameters described in this specification, such as upper plateau strength
and lower plateau strength, will be shown to correspond to the characteriza-
tion methods presented in this chapter. The scope of the ASTM standards is
a basic understanding of certain aspects of SMA behavior, mostly relevant to
medical applications, and is not the full thermomechanical characterization of
these materials. Furthermore, they are not intended to calibrate phenomeno-
logical models such as those described in Chapter 3. These complex efforts
require additional considerations as discussed throughout the remainder of
this chapter. As new constitutive models are being developed for SMAs, addi-
tional tests are necessary for providing material parameter inputs.

Clearly, the methods and processes presented in this chapter derive directly
from decades of previous experimental work performed by many skilled indi-
viduals and research teams. The contribution of this text is simply to sum-
marize and organize various experimental techniques into a comprehensive
method by which one can deduce the material properties of interest. Further-
more, aspects of experimentation that have challenged others in the past will
be addressed.

2.1.2 Shape Memory Alloy Specimens

To begin the discussion of thermomechanical SMA material characterization,
it is appropriate to provide examples of the actual material specimens designed
for testing. The reader is assumed to have some familiarity with the experi-
mental systems used to provide the necessary loads (experimental inputs) and
to monitor material responses. Although there are unique experimental con-
siderations imposed by the behavior of shape memory alloys, such discussion
is reserved for Sect. 2.4. This introductory material should be familiar to those
who are experienced in experimental material thermomechanical testing.
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The most common materials testing performed on SMAs involve tensile
axial loading. While the potential configuration of SMA specimens is as var-
ied as those of other metallic material systems, the manner in which SMAs
are utilized does motivate the commonality of particular specimen forms. For
example, many SMA applications use wire components because they provide
relatively high tensile forces and displacements in a compact and simple con-
figuration. Therefore, the SMA specimen forms most frequently tested are
wire tensile specimens and this form presents the experimentalist with both
advantages and challenges. Perhaps the most beneficial aspect of testing wires
is that specimens often arrive from the manufacturer in a useable form such
as spooled wire as shown in Fig. 2.1. Due to their long and thin configuration,
wire specimens provide a simple gauge length over which stresses are homoge-
neous. However, because the cross section at the ends of a wire specimen is the
same as that in the gauge length, prevention of excessive stress concentrations
and resulting premature failure at the grips can be challenging. One possible
solution to this problem is presented in Fig. 2.1 where a wire specimen and a
suitable gripping mechanism are shown. Such a grip configuration allows the
testing of a range of wire diameters.

Testing is often performed for wires, however it is also common that SMA
components be manufactured in 2-D and 3-D forms for some chosen applica-
tions. In such cases, SMA tensile specimens may be fabricated in the com-
mon ‘dogbone’ configuration per standard metal testing methods (i.e., ASTM
E8) [19]. This is most easily accomplished when the as-received material is

Fig. 2.1. Example of spooled thick NiTi wire and prepared specimen with appro-
priate grips.
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Fig. 2.2. Example of raw Ni60Ti40 (wt.%) plate and subsequent ASTM “dogbone”
specimens [19] machined from such plates using EDM.

in plate form. An example of this can be seen in Fig. 2.2 where two NiTi
(Ni60Ti40 wt.%) plates of different thickness are shown. It is important to
note that due to their thermomechanical behavior, machining SMAs is dif-
ficult using current methods. High cutting speeds are necessary for cutting
processes that remove material (e.g., drilling and lathing). Methods such as
water jet cutting and electrical discharge machining (EDM) are often used
as well. EDM is especially useful for machining tensile specimens from dif-
ferent regions throughout properly homogenized bulk material of arbitrary
shape. Examples of such a bulk form and the resulting specimens are shown
in Fig. 2.3.

Designers and analysts often require information on the compressive
behavior of SMAs, which may differ from the complimentary tensile response.
For this purpose, compressive specimens are also often required [20, 21].
Though recognized standard protocols (e.g., ASTM standards) for SMA com-
pressive testing do not exist, the general ASTM guidelines for the compressive
testing of metals (ASTM E9) provide information on standard specimen con-
figuration and testing methods [22]. Such specimens can also be accurately
machined from raw material via EDM, and an example of this is shown in
Fig. 2.4.

Finally, it is often necessary to extend the experimental study of an SMA
material beyond simple uniaxial loading. To examine the constitutive response
under shear or multiaxial loading, SMA specimens in the form of tubes can be
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Fig. 2.3. Example of bulk NiTiPd SMA and resulting small SMA “dogbone” spec-
imens machined from its center using EDM.

used. Tubes with sufficiently thin walls (relative to their diameter) provide a
region of near-uniform shear stress when subjected to torsion. Response under
combined loading can then be assessed if an applied tensile or compressive
load is added (compression being applicable for sufficiently short specimens
when tested below their buckling load) [23, 24]. Additional application of an
internal or external pressure allows consideration of an additional stress state.
Example SMA specimens in tube form with varying composition and thickness
are shown in Fig. 2.5.

In this section, general aspects of SMA characterization have been dis-
cussed. However, to develop an understanding of any material, it is necessary
to decide what properties are most useful and then determine under what
loading paths these properties are best elucidated. This will be discussed in
the following section.
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Fig. 2.4. Examples of small NiTiPd SMA compressive specimens EDM machined
from the center of bulk raw material. The two specimens on the right follow ASTM
E9 specifications [22].

Fig. 2.5. Examples of SMA tube specimens. These include a NiTiPd specimen
(left), NiTi high aspect ratio samples (center), and a porous NiTi sample (right).
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2.2 Thermomechanical Material Properties of SMAs
for Engineering Applications

As it has been discussed in Chapter 1, SMASs represent a specific class of
metallic alloys that have two stable solid phases, and by following particular
paths in the stress-temperature space, these alloys undergo a transformation
from one phase to another. Furthermore, these two phases are distinct in
their properties. This transformation can lead to generation and subsequent
recovery of strains and cause macroscopic shape changes.

SMAs exhibit nonlinear, hysteretic behavior with a strong thermomechani-
cal coupling. Furthermore, SMAs are highly path-dependent, though the phase
transformation itself is not intrinsically loading rate dependent. The thermo-
mechanical coupling, however, can lead to an experimental rate dependence
(see Sect. 2.4.3). Each of these aspects leads to experimental complexities,
and many of the investigative methods used with other inelastic materials are
not completely sufficient to describe the material behavior of an SMA. This
section will review the SMA thermomechanical response from an experimen-
tal point of view and introduce a general set of material parameters useful in
quantitatively describing their constitutive behavior. There are other physical
properties that could be experimentally investigated (e.g., electrical conduc-
tivity, density, specific heat etc.), but these are not addressed in this chapter.
For the interested reader, the comprehensive NASA report provides data on
such properties [2], while additional information can be found in more recent
compilations of work on SMAs [3, 25].

To examine the thermomechanical engineering properties of shape mem-
ory alloys, we first determine what aspects of the material behavior can be
parameterized. As an example, we examine the phenomenological response of
an SMA specimen undergoing pseudoelastic loading. Recall from Chapter 1
that these experiments are performed by applying prescribed forces (stresses)
and temperatures and monitoring exhibited deformations (strains). By con-
sidering the unique features of this nonlinear material response (e.g. changes
in stiffness, hysteresis, etc.), one can see that a properly chosen set of mate-
rial parameters is useful in quantitatively describing these most important
material behaviors. Note that here the primary interest is in the response of
polycrystalline engineering forms of SMA material (e.g. wires, rods, beams
etc.), and not the single crystal behavior.

Examination of the new set of experimental pseudoelastic results (uniax-
ial, tensile) are shown in Fig. 2.6a. The following observations can be made
(recalling the discussion in Sect. 1.5):

e During loading:
— The initial response is nearly linear.
— At some stress level (o2#) the stiffness changes, and a behavior similar
to plastic yielding is observed. A ‘plateau’ is formed.
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Fig. 2.6. Experimental example of constant temperature phenomenological trans-
formation behavior in NiTi: (a) single temperature of T'= 70 °C, (b) multiple tem-

peratures.
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—  As stress increases to a second level (6™/), the plateau ends and the
response stiffens. A nearly linear response with a slope distinct from
the first is observed.

e During unloading:

— The initial response is nearly linear.

— A plateau with the same strain length as that observed during loading
is formed at a lower stress level (g4%).

~ At the end of the plateau (o), the response stiffens and becomes
nearly linear, following the same slope as observed during initial load-
ing.

As explained in Chapter 1, the stiff response at low stress (completely below
the loading plateau) corresponds to purely austenitic behavior, while the
response at higher stress (completely above the unloading plateau) corre-
sponds to purely martensitic behavior. This indicates the need to consider
the independent elastic responses of each phase, and that these responses
need not be similar. Such understanding of the elastic response is the first key
aspect of SMA characterization.

A second interesting behavior highlights the importance of the current
thermomechanical (stress-temperature) state. At the given test temperature,
particular stress levels initiate the forward and reverse transformation during
loading and unloading, respectively. Furthermore, one can envision a pseu-
doelastic experiment wherein the same level of force is applied, though at a
different temperature (i.e., a different thermomechanical state). Recall that as
test temperature increases, the stress needed to initiate each phase transfor-
mation (A—M and M—A) increases (see Sect. 1.3). As a result, the response
will vary with each change in temperature, as illustrated in Fig. 2.6b.

A third important quantifiable behavior is related to the deformation or
strain generated during transformation (plateau region). This represents the
amount of macroscopic deformation that can be generated via the underlying
microstructural motions and is a clear consequence of the solid-to-solid phase
transformation.

The effects discussed above are also observed during thermal transforma-
tion at nominally constant stress levels. Engineers are often more interested
in the properties of an SMA material as an actuator rather than as a pseu-
doelastic element. In these cases, constant stress tests are useful in illustrat-
ing the three key types of material properties. The strain vs. temperature
response during such loading can be seen in the example shown in Fig. 2.7a.
Consider first the response at temperatures outside the transformation region
(ie., T < M7 and T > A‘){) This behavior is due to thermal expansion, as
seen in other metals; this is also a thermoelastic effect (like the linear load-
ing/unloading observed at the beginning and end of pseudoelastic loading).

Second, repetition of such a test at varying stress levels illustrates the
relationship between the non-zero stress transformation temperatures and the
current stress level, as seen in Fig. 2.7b. This is analogous to varying ambient
temperature during pseudoelastic testing.
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Fig. 2.7. Experimental example of constant stress phenomenological transformation
behavior in NiTi: (a) single stress of 200 MPa, (b) multiple stresses.
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Third, note the height of the hysteresis generated during transformation,
which represents the amount of inelastic yet recoverable strain being generated
and recovered as the transformation evolves.

To review and summarize, we can infer that SMAs require at least three
types of material properties to describe three types of behaviors. These types
of material properties are:

e Thermoelastic properties of austenite and martensite — These parameters,
which apply to most structural materials, are necessary to describe the
material response when transformation or reorientation is not occurring.

e (Critical stress and temperature states associated with the phase diagram
— These parameters help determine when the process of transformation
between phases will begin or end depending on the current thermomechan-
ical state (stress and temperature) and loading history of the material.

e Transformation strain evolution properties — These parameters provide a
relation between the current state of material transformation (e.g., volume
fraction of the various martensitic variants) and the exhibited generation
of transformation strain.

2.2.1 Thermoelastic Properties

For each of these three types of properties, one can determine a set of material
parameters to sufficiently describe a given shape memory alloy, and we can
explore some methods by which they can be found.

Let us first consider the thermoelastic properties. Assuming material
isotropy, the elastic stiffness could be represented by the Young’s modulus
of austenite (E4), as shown in Fig. 2.8a. The material then transforms into
martensite. Once transformation is complete, the fully martensitic material
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Fig. 2.8. Experimental examples: (a) the pseudoelastic effect, (b) the shape memory
effect.
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responds elastically once again. Again assuming isotropy, this can be repre-
sented by an elastic modulus of martensite (E™), which is also schematically
shown in Fig. 2.8a. These elastic properties can also be found by simple mono-
tonic loading/unloading of the material in a fully austenitic or martensitic
state at stresses sufficiently low to prevent transformation or reorientation.

Other elastic properties such as the Poisson’s ratio for each phase can be
measured concurrently with the stiffness. The coefficient of thermal expan-
sion is used to predict the thermally induced deformation response of pure
austenite and pure martensite. This property can be observed in Fig. 2.8b,
where constant stress testing is illustrated. Here, the coefficients for austenite
and martensite are shown as the slopes of the strain-temperature plots in the
fully austenitic and fully martensitic states, respectively.

So, for each phase elastic properties plus the thermal expansion coefficient
is required. For design purposes, it is sometimes also useful to characterize
the plastic yield and failure behavior of the material. A potential set of ther-
moelastic properties is as follows:

e The elastic constants of austenite and martensite, respectively. In the case
of isotropy, the Young’s Moduli, E4 and E™ and the Poisson’s Ratios,
v4 and vM, can be used.

e The coefficients of thermal expansion of austenite and martensite, respec-
tively. In the case of isotropy, only two scalar constants, a® and a™, are
needed.

e Information on the elastic limit of the material. If the material is isotropic,
the yield stress of the material in austenite and martensite (o4 and o)
will suffice.

2.2.2 Critical Stress and Temperature States for Transformation
(Phase Diagram)

Finally, we review the properties of the phase diagram, which illustrates the
stress and temperature conditions for material transformation. Practically this
involves the determination of transformation “surfaces,” or boundaries of the
transformation regions in a stress-temperature space. These indicate where
a given transformation (i.e., austenite to martensite or vice versa) begins
or ends.

A schematic example of the phase diagram, previously introduced in Chap-
ter 1, is given in Fig. 2.9. The form of these surfaces might be assumed to
be linear, quadratic, or otherwise depending on the behavior of the material.
Whatever their general form, these four surfaces are partially described by
their intersections with the zero-stress axis (i.e., the zero-stress transformation
temperatures). However, these temperatures are insufficient to fully describe
the configuration of the phase diagram, and additional parameters are needed.
A common set of parameters include the slopes of these surfaces at some stress
level (e.g., zero stress). Such slopes are known as “stress influence coefficients.”



66 2 Characterization of Shape Memory Alloy Materials

Stress, o

Detwinned Martensite

O

t d
M toM

o

N

Twinned Martensite Austenite

CA

v

Temperature, T

Fig. 2.9. Schematic representation of the phase diagram with possible material
properties defined.

Aside from specifying the martensitic phase transformation regions, it is
also useful to determine the stresses at which the detwinning of martensite
begins and ends. Though this is not technically a transformation but rather a
reorientation of martensite, this region can also be plotted on the phase dia-
gram and utilized during design and analysis (see Chapter 6). The parameters
required to construct the phase diagram are:

e The initiation and completion temperatures for transformation from
austenite to martensite at zero stress (M, M f).

e The initiation and completion temperatures for transformation from
martensite to austenite at zero stress (A4, A;).

e The stress influence coefficients or general slopes of the transformation
surfaces. There could be up to four total slopes, though it is often assumed
that each pair of surfaces for the two distinct transformations (A — M
or M — A) shares a characteristic slope. Thus the zero-stress slopes of
transformation regions into austenite (C*) and into martensite (CM) are
useful parameters, as seen in Fig. 2.9.

e The start and finish stresses for the detwinning of martensite (o, o),
which may be temperature-dependent.
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2.2.3 Transformation Strain Properties and Hardening

We now continue covering the three key classes of SMA properties by dis-
cussing a method to parameterize the generation and recovery of inelastic
strains during transformation.

As described in Chapter 1, the formation of martensitic variants from
the austenitic parent phase at the microstructural level leads to the observed
macroscopic deformation during transformation. However, tracking the
detailed configuration of the microstructure (i.e., the evolution of 24 maxi-
mum martensitic variants in NiTi) is often beyond the scope of thermome-
chanical characterization, especially for engineering design and analysis of
applications. This would require knowledge of up to 24 internal state vari-
ables, for example, which are only observable at length scales much smaller
than the engineering scale of thermomechanical testing. Therefore, a more
phenomenological approach is often taken whereby the macroscopic deforma-
tions are described by a transformation strain field, and the evolution of this
field is linked both to the total applied tractions or total applied deforma-
tions and to the amount of total martensite present in the material. Theories
have been developed wherein the transformation strain dependence on several
select variants is considered. Experimentation has supported these theories.
Such models will be discussed in Chapter 3 and are addressed in more detail
in the literature [26, 27].

When considering the phenomenological behavior of SMAs, one con-
siders the combined effect of microstructural behaviors. In the absence of
stresses, local or applied, the martensitic variants form from the parent
phase in patterns that lead to negligible macroscopic shape change (i.e.,
they will self-accommodate). Applied stress results in formation (or reori-
entation) of preferred martensitic variants, therefore generating observable
overall strain due to transformation or detwinning, as discussed in Sect. 1.3.
The variant selection is dependent on applied stress, therefore causing the
amount of recoverable strain generated to vary with applied stress. Hence,
a material parameter to be characterized for SMAs is the maximum strain
formed due to transformation at a given stress level and in addition to
thermoelastic strains. This strain is the current mazimum transformation
strain and its value depends on several factors, including the crystallog-
raphy of martensitic transformation, the overall microstructural configura-
tion of grains, texture, configuration and composition of precipitates, in
addition to stress level. As a strain measure, the maximum transformation
strain could have multiple components. However, for the 1-D experimen-
tation in this chapter, the maximum transformation strain will be consid-
ered a scalar quantity given as a function of applied stress for given mate-
rial conditioning and denoted by H<"" (o). If all the martensitic variants are
aligned to the maximum extent possible, either due to the effects of applied
stress or because of sufficient material training, then the material is said to
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be in a fully detwinned martensitic state. For a material in such a state,
He (o) |020ahgn = H™* is the mazimum available transformation strain.
Here the quantity o, ,, denotes the minimum stress sufficient to fully align
the martensitic variants. For sufficiently trained materials, the value of o, ,
may approach zero. Transformation strain evolution will be further addressed
in Sect. 3.3.3.

Other than the value of the maximum transformation strain, it is also
important to note the manner in which the strain evolves during loading.
Some materials will show a distinct transition from elastic response to trans-
formation and little stress increase during transformation. This is an indica-
tion of limited ‘hardening’ (An example of this will be shown in Sect. 2.5.1).
Other SMAs will transition smoothly from elastic to transformation and may
show a large increase in stress as the transformation progresses. These mate-
rials exhibit more significant hardening. (An example of this will be shown in
Sect. 2.5.2). Different material models exist which account for varying kinds of
material hardening, and the experimentalist should take note of this behavior.
A more detailed discussion of this will be undertaken in Chapter 3.

With each of the aforementioned properties determined, the elastic behav-
ior of each of the two phases is captured. In addition, the evolution of trans-
formation strain is described and the locations of transformation regions in
the stress-temperature space are determined. For the models that will be
described in Chapter 3, it is required that only the three classes of prop-
erties describing these three attributes of SMA behavior be determined. Of
course, more complicated models exist that require additional material param-
eters to account for more general material behavior. Such behaviors include
transformation-induced plasticity and the reorientation of martensite. Models
incorporating these behaviors will be discussed in Chapter 5 and Chapter 6,
respectively.

2.3 Experimental Characterization Process

To experimentally quantify the properties described above for a given SMA
material, one could subject a representative specimen to a wide range of
uniquely defined thermomechanical loading paths while monitoring the mate-
rial response. Years of SMA research worldwide have shown that this range
can be narrowed to include only a few key tests. The process of characteri-
zation described below follows a natural order useful for determining specific
material properties as well as for understanding qualitative material behav-
iors. Furthermore, it allows for an understanding of unstabilized and trained
material behavior, an often overlooked distinction in SMA experimentation
and application design.
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2.3.1 Overview of the General Thermomechanical
Characterization Process

In brief, the experimental process proceeds as follows:

Experiment 1: Determination of zero-stress transformation temperatures

Experiment 2: Monotonic loading/monotonic unloading of specimen

— a)Loadat T < M 7 to determine martensitic response and zero-stress
SME behavior

~ b)Loadat T > A s to determine austenitic response and pseudoelastic
behavior

Experiment 3: Determination of SME at non-zero stress level

Experiment 4: Determine effects of cyclic loading, including material

response stabilization

The logic behind these steps is straightforward and is based on forming
an evolving understanding of the material behavior. Zero-stress transforma-
tion temperatures (Experiment 1) are vital to the remainder of the testing
process as they allow for experimental system design. Without some knowl-
edge of these temperatures, the proper thermal testing environment cannot
be configured.

Monotonic material loading (Experiment 2) is important as a standard test
for most materials in determining elastic behavior. It is further important in
SMA characterization because such testing above A f and below M 7 provides
important information on the key behaviors of pseudoelastic response and
stress-free shape memory effect, respectively.

Experiment 3 expands on the SME results of Experiment 2a, testing the
capability of the material to provide work output by generating and recovering
transformation strain under non-zero stresses.

Finally, the cyclic loading applied during Experiment 4 highlights the
change in material response given a particular loading history. After suffi-
cient cycles, the response will often stabilize. This training can significantly
modify the material properties and hence requires the repetition of the char-
acterization process (Experiments 1-3).

2.3.2 Illustration of the General Characterization Process

Given the overview, we now demonstrate the general SMA characterization
process in more detail. Consider a NiTi wire sample with a diameter of
0.91 mm intended for use in an actuation application. Because the specimen
is in wire form, all reported stresses and strains are uniaxial components as
obtained in tension. The uniaxial stress is taken as force over a wire cross-
sectional area where testing was performed on an MTS 810 system using a
150-pound load cell. This load frame is shown in Fig. 2.10a. An MTS exten-
someter with a gauge length of one inch was used to record specimen strain
levels.
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(a) MTS 810 servohydraulic loading (b) SMA sample loaded into a DSC
frame. system.

Fig. 2.10. Experimental equipment used for thermomechanical characterization of
shape memory alloys.

Experiment 1: Determination of Zero-Stress Transformation
Temperatures

This first experiment is the most fundamental step in the characterization
of shape memory alloys. Without knowledge of the stress-free transformation
temperatures, it is very difficult to know what phase is present in the alloy at
any given stress and temperature state. Recall also that this first experiment is
crucial in designing the remainder of the experimental process. To assess these
temperatures, a DSC was used (see Sect. 1.8). The small DSC sample is cut
from larger bulk material using a low force saw. This method reduces frictional
heat and overall material deformation, maximizing the representative integrity
of the cut specimen. Note that the use of EDM to cut DSC specimens also
leads to accurate DSC results. The specimen is shown being loaded into the
DSC machine in Fig. 2.10b, and the test results are shown in Fig. 2.11a. To
quantify this heat flow /temperature curve, one may construct lines tangent to
the start and finish of each peak and lines tangent to the baseline heat flows.
The distinctive intersections of these lines provide one possible measure for
the start and finish temperatures of each transformation.
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This has been illustrated in Fig. 2.11b, where the transformation temper-
atures have been noted. It is important to recall, that some materials exhibit
the R-phase transformation. For these materials, R-phase transformation indi-
cated in DSC results may be confused with austenitic/martensitic transforma-
tions. Given the DSC data alone, it is not always clear if exhibited peaks indi-
cate A—R or A—M, for example. Therefore, the DSC results obtained directly
from as-received material should be used as guidelines while zero-stress trans-
formation temperatures derived from other thermomechanical tests are often
more practical or applicable in predicting transformation behavior, especially
in engineering applications (see the example in Sect. 2.5.1).
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(b) Determination of transformation temperatures using tangent lines

Fig. 2.11. Determination of stress-free transformation temperatures from DSC test-
ing (NiTi, untrained material).
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Experiment 2: Monotonic Loading of Specimen

T <M, :

Monotonic loading below M f provides information on the elastic properties
of twinned (self-accommodated) martensite and determines if the material
exhibits crucial shape memory behavior by verifying the capability of the
material to exhibit stress-free SME (see Sect. 1.4). Alternatively, additional
loading can be applied to failure, to assess the yield and ultimate fracture
properties of the particular SMA.

In the current example, data derived from DSC testing is used to deter-
mine appropriate testing temperatures. Prior to testing, the sample is first
heated above A, (22°C) to recover any transformation strain and then cooled
well below M, (—20°C) to ensure a fully martensitic material state. This
eliminates detwinned martensite which may have formed during inadvertent
(and unknown) deformations. The sample is subsequently tested at a temper-
ature below M, such that martensite is the only stable phase. Testing consists
of stressing the material until detwinning completes and to some maximum
stress. The maximum stress is not known prior to testing. Rather, it is chosen
during the course of testing by noting that detwinning has completed. The
sample is then unloaded. The specimen temperature is finally homogeneously
increased until it is above A,, and any strain recovered is monitored.

The results from this test are shown in Fig. 2.12a. Using tangent lines we
can approximate the detwinning start and finish stresses as o, ~ 140 MPa and
o, =~ 170 MPa, respectively. We observe that a significant amount of strain is
recovered (6.2%), but some irrecoverable strain remains at the completion of
the SME test. This indicates that the material is not responding in a repeat-
able (stable) manner, and training may be required. Note also that the elastic
modulus for martensite is found to be 24 GPa.

T>A;:

The second monotonic test assesses material behavior at temperatures
greater than A, (i.e., possible pseudoelasticity). Here a loading/unloading
cycle is applied to the specimen at T = 30 °C, and nearly full pseudoelastic-
ity is observed with some residual plastic strain. These results are shown in
Fig. 2.12b. The martensitic elastic modulus found here is notably higher than
that observed in Fig. 2.12a. This is an important observation and is due to
the fact that some remnant austenite may remain at the end of loading. The
elastic modulus observed during unloading may then reflect a combination
of the moduli of both austenite and martensite. Note that, according to the
definitions in ASTM test method F-2516, the upper plateau stress or stress
at 3% strain during loading is ~ 300 MPa. By the same standard, the lower
plateau stress or stress at 2.5% strain during unloading is ~ 100 MPa.

Finally, if device design is a goal, it may be useful to determine the material
plastic yield and ultimate failure values. Such a test was not performed on the
current specimen, but can be easily accomplished. With respect to the yield
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Fig. 2.12. Results of monotonic loading/unloading.
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and failure properties of martensite, one may employ a used SME specimen
to perform these tests. The critical stress for plastic yield is often notably
higher than the start and finish stresses for detwinning and should be easily
identified. Regarding determination of the austenitic yield limit, note again
that such a test must be performed at a temperature sufficiently above A s to
keep the material in the austenitic state (i.e., hot enough to prevent forward
transformation into martensite). The phase diagram (estimated or exact) can
be used to determine such an appropriate temperature. An additional material
property not yet considered, though commonly discussed, is the maximum
temperature at which austenite can be transformed to martensite via the
application of stress without first plastically yielding. This temperature is
often denoted M.

Experiment 3: Determination of SME at Non-zero Stress Level

For actuators, it is important to observe not only that the zero-stress shape
memory effect is exhibited, but also that the material is able to perform
work by providing displacement while under some load. A simple test of this
behavior is a constant stress actuation test. In the case of uniaxial loading,
this is sometimes referred to as isobaric testing. To perform this test for the
current example, the material sample is heated well beyond A, (22°C) and
then stressed to 200 MPa. This load is held constant while the temperature is
slowly and homogeneously lowered until forward transformation into marten-
site is completed. Finally, the temperature is slowly increased until reverse
transformation is completed. Throughout this test, the strain is monitored
and recorded. The results of this experiment are shown in Fig. 2.13a.
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Fig. 2.13. Results of constant stress thermal cycling (first cycle): (a) strain-
temperature loading curve, (b) determination of transformation temperatures at
stress.
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Before continuing with the next experiment in the characterization process,
it is appropriate to examine the results observed up to this point. This allows
proper planning of additional experiments.

Investigation of Transformation Strain Generation and the Phase
Diagram

After completion of the first three experiments, results can be examined and
the performance of the material can be assessed. Recalling the three proposed
classes of material properties (elastic, transformation criteria, and transfor-
mation strain properties), determination of any elastic parameters from the
experimental data is often quite straightforward. Properties from the other
two classes are addressed at this point.

The ability of the material to generate and then recover transformation
strain must be evaluated. It was observed that 6.2% transformation strain
was exhibited during stress-free SME testing (Experiment 2a). While this
value is important, it is usually more valuable to examine the amount of
strain recovered under load. To do so accurately requires not only measuring
the total strain generated during transformation, but also considering the
contributions of thermal and elastic strains. It is therefore necessary to review
the relationship between these quantities.

For the magnitude of strains conventionally experienced by SMAs, the
total strain can be additively decomposed into an elastic component, a trans-
formation component, and a thermal component (¢ = ¢ + &' + £'"). Because
the characterization of SMA samples is often 1-D in nature, simple relations
can be used to describe the elastic and thermal response at any point in the
loading path. In one dimension, the thermal strain may be simply given as
e'h = a(T — T,) where o denotes the current thermal expansion coefficient.
This leads to the following common 1-D elastic relation:

o=Elc—¢" —a(T -1Tp)|. (2.3.1)

Here the T}, is assumed to be the reference testing temperature. We can now
consider the stress found in the wire when it has been fully transformed into
one phase or the other. When the material is purely martensitic, it is fully
detwinned such that ' = H" (o). In this pure martensitic state and at the
reference temperature ((7'— 7T|,) = 0), this yields the following for the stress
in terms of the current total strain:

o =FEM[e— H (0)]. (2.3.2)

It is further assumed that when the material is purely austenitic, all transfor-
mation strain has been recovered (¢! = 0). For materials in such an austenitic
state, this yields the following for the austenitic stress in terms of the total
strain:

o=FEe—a (T -T,). (2.3.3)
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Therefore, given one isobaric test at one given constant stress level (see
Fig. 2.13b), one can derive the maximum transformation strain by solving
both (2.3.2) and (2.3.3) for the current strain in each of the pure phases and
assuming a constant testing stress, o. This yields:

o cur
ag
et = AT ot (T - T,), (2.3.5)

where e and € denote strain in a purely martensitic and purely austenitic
state, respectively. Observing Fig. 2.8b, the height of a given hysteresis is
Ae = eM — ¢4 which, considering (2.3.4) and (2.3.5), leads to the following
relation for the current maximum transformation strain at a given constant
stress test level:

EMiEA

cur A
H (0,) = Ae+a” (T —T,) + 0, E,E,

(2.3.6)

Therefore, having determined the elastic moduli of martensite and austen-
ite, and using an appropriate common value for the austenitic coefficient of
thermal expansion (107° [3]), one can derive the maximum transformation
strain, H®"" (o,), exhibited under the application of each constant stress o,.
For the single test performed thus far (Fig. 2.13b) where o, = 200 MPa, this
is found to be H"" (200) = 5.1%.

It is also important to determine at what stress and temperature states the
material can be expected to transform. The transformation criteria are best
understood via construction of the phase diagram, which describes the trans-
formation behavior in stress-temperature space. In relation to the progress
of the current example, it is now important to have an approximate under-
standing of the transformation behavior for the purpose of planning a suitable
cyclic loading experiment. To construct such an estimation requires two data
points per transformation surface, assuming the transformation boundaries
are approximately linear. The first set of points can sometimes be estimated
via DSC testing (Experiment 1) and indicate at what temperatures the trans-
formations begin and end under zero stress.

The second set of points can be determined from the constant stress actu-
ation cycle (Experiment 3), or from the constant temperature pseudoelas-
tic cycle (Experiment 2b), as applicable. Since the current example involves
material intended for actuation, here we determine the discrete transformation
temperatures at 200 MPa constant applied stress (Fig. 2.13a). For the purpose
of illustration, tangent lines are constructed and their intersections are used
to provide discrete values for these non-zero stress transformation tempera-
tures. This is illustrated in Fig. 2.13b. Here M7 and MJ‘I represent the non-
zero stress forward transformation start and finish temperatures, respectively.
Likewise, A and A; represent the non-zero stress reverse transformation
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Fig. 2.14. Preliminary phase diagram, as-received material.

start and finish temperatures, respectively. Plotting the stress-free transfor-
mation temperatures and the 200 MPa transformation temperatures in the
same stress-temperature space, an approximate phase diagram is constructed,
as shown in Fig. 2.14. While this approximate phase diagram is insufficient to
calibrate a model that accurately captures material behavior at all thermo-
mechanical states, it is useful to estimate at what states the material will be
fully austenitic and fully martensitic. It is also useful in planning the training
process, as previously mentioned.

Experiment 4: Determination of Cyclic Loading Effects (Training)

To determine the effects of cyclic loading on the thermomechanical response
of an SMA, the material is subjected to multiple transformation cycles. In the
case of a material intended for use as an actuator, a straightforward method
consists of applying many thermal transformation cycles under constant load
to the specimen. This is often referred to as training. If the goal of cyclic
loading is eventual stability of response, training loads (thermal and mechan-
ical) which exceed those expected in the application should be applied (see
also Sect. 1.6). For the current example, it will be seen that all further exper-
imentation is performed at stress levels of 200 MPa and below. A constant
stress of 200 MPa is therefore chosen for cyclic loading. A total of 80 thermal
cycles are applied and the results are shown in Fig. 2.15. Note that while the
initial strain response of the material evolves with each cycle, it eventually
stabilizes.
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Fig. 2.15. Results from isobaric training at 200 MPa.

As an alternative to constant temperature or constant stress cyclic loading,
application-based cycling may be used wherein an SMA specimen is stabilized
in the same manner in which it is used (e.g., a smart structure incorporating
active SMA elements is repeatedly actuated). The SMA components can then
be removed from the application context and tested in the standard manner.
Whatever stabilization or training method is used, it is important to remem-
ber that the particular choice of loading path used to train a specimen can
substantially influence the final material properties and should be carefully
chosen.

Evaluation of Stabilized or Trained Material

When a material has been cyclicly loaded and its response has evolved and
stabilized, it is necessary to repeat the most important tests of the character-
ization process to attain the new trained material properties. The results of
such repeated testing will be summarized below.

The first interesting and important result involves the effect of training
on the DSC test results. During training of polycrystalline SMAs, widespread
permanent dislocations are generated at the micro-scale within the mate-
rial. This results in a heterogeneous microscopic stress state, which, per the
behavior characterized by the phase diagram, results in transformation tem-
peratures that vary from locale to locale. Because this occurs throughout the
specimen, a distribution of localized transformation temperatures is expected.
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This “smoothing” diminishes the usefulness of the DSC results in ascertaining
the overall zero-stress transformation temperatures by effectively eliminating
the peaks observed during heating and cooling. Therefore, other methods of
determining these temperatures are often required after cyclic loading.

Recalling that the intended use of the material in the current example
is actuation under some non-zero load, it is clear that a repetition of the
stress-free shape recovery testing, or SME testing, is not necessary. Observa-
tion of the stabilized constant stress actuation behavior, however, is not only
important but necessary for the determination of several material parameters.
Determination of the temperatures at which the phase transformations begin
and end for different constant stresses allows construction of the final phase
diagram.

In addition, by examining the amount of strain generated during each iso-
baric cycle, one may derive a functional relationship between applied stress
and current maximum transformation strain for this stabilized material. To
this end, thermal cycles at constant stress are applied to the specimen. Stresses
ranged from ~ 2.5 MPa to 200 MPa in ~ 50 MPa increments. The low stress
test is important in not only determining the zero-stress transformation tem-
peratures, but also in indicating the presence of transformation strain genera-
tion at zero-stress (the so-called “two-way shape memory effect,” see Sect. 1.6).
The results of these constant stress tests are shown in Fig. 2.16.
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Fig. 2.16. Results of isobaric thermal cycling at various stress levels, trained
material.
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By examining the constant stress uniaxial test results, the amount of uni-
axial transformation strain generated by the material for a given constant
stress can be determined. This again requires that 2.3.6 be used to derive
the current maximum transformation strain H°*" (o,) exhibited under the
application of each constant stress level o,. The experimental plot of this
relationship is shown in Fig. 2.17. The dashed fitted curve represents the pro-
posed functional form of H¢*" (¢) and highlights the tendency of the current
maximum transformation strain to saturate with increasing stress.

Finally, the phase diagram for the stabilized material is derived. To con-
struct the phase diagram (i.e., to determine the transformation temperatures
at various constant stress levels), tangent lines are again used as shown in
Fig. 2.18. Here the transformation temperatures are investigated for the mate-
rial under an applied stress of 150 MPa. The experimental phase diagram is
derived from a whole series of such tests and is shown in Fig. 2.19. Simple linear
regressions are used to schematically represent each of the continuous transfor-
mation surfaces. One key change from the untrained, estimated phase diagram
is the obvious broadening of the transformation regions (see Fig. 2.14). The
mechanisms behind this behavior are the same as those previously discussed
concerning the reduced usefulness of the DSC results. However, extrapolation
of the transformation surfaces supersedes the DSC in providing an accurate
indication of the zero-stress transformation temperatures.

The derived material properties for the experimental study summarized in
this example are given in Table 2.1. Most properties were determined for the
stabilized material, with the exception of elastic moduli.
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Fig. 2.17. Determination of exhibited maximum transformation strain as a function
of applied constant stress, trained material.
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Fig. 2.18. Determination of transformation temperatures using tangent lines at a
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Fig. 2.19. Experimentally derived phase diagram, trained material.

This concludes the general characterization process for a particular example
of SMA material. While interesting material behaviors such as fatigue, plastic
hardening, transformation-induced plasticity, or others could also be studied,
these will not be covered at this time. The intent of the above example was
an illustrated overview of the most common experiments. However, while the
characterization process for SMA specimens is conceptually straightforward,
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Table 2.1. Experimentally derived material parameters; trained material.

Material Parameter Value

EA 47GPa

EM 24 GPa

Js 140 MPa

of 170 MPa

M 3°C

M; —29°C

Ag 12°C

Af 26 °C

cA 8.3 MPa/ °C
cM 6.7 MPa/ °C
H™ (o) = HO" (0) + (H™ — H*" (0))[1 — exp(—kzro/E)]

= 0.032 + (0.06 — 0.032)[1 — exp(—2350/E*)]

there are many unique challenges that the SMA experimentalist must address.
Such considerations will now be discussed.

2.4 Experimental Considerations Unique to SMA
Thermomechanical Characterization

In the previous section, a description of a characterization procedure for SMAs
was given and instructions for the completion of each experimental step were
provided. However, the unique properties of SMAs are eventually manifested
as a set of important experimental details and challenges that must also be
discussed. These topics include consideration of loading rates, material sta-
tistical variation, material history, etc., and will be described with others in
more detail below.

2.4.1 Influence of Total Material History on Shape Memory
Behavior

As with other metals, the constitutive properties of shape memory alloys are
strongly dependent on several factors, including the exact alloy composition,
the particular heat treatments previously applied, prior history, and cold-
working. However, because SMAs undergo important microstructural changes
not attainable in other metallic systems, the material sensitivity to these
and other historical occurrences can be much higher in thermomechanical
response. The designer must be aware of these effects during the material
selection phase, and it is important that the experimentalist keeps these details
in mind to ensure accurate and representative testing.

The most influential characteristic of a material specimen is its alloy
composition. As previously reviewed (see Sec. 1.9), several alloy systems are
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known to exhibit shape memory behavior (NiTi, NiTiCu, NiMnGa, etc.), and
each has significantly different properties. It is reasonable that a change in
elemental constituents will cause a change in exhibited material behavior.
However, SMAs are also highly sensitive to the atomic balance when consid-
ering even just one alloy system (i.e., NiTi). A very small change in the balance
between nickel and titanium will noticeably affect properties, especially with
respect to the transformation temperatures. Furthermore, two material speci-
mens of nominally identical composition will often behave dissimilarly. In this
way, the sensitivity of shape memory alloys to composition surpasses that of
aluminum, iron and other more conventional metals. For SMAs, one cannot
often define a required set of material properties and then accurately choose a
material composition that will provide them (though it is possible to estimate
an appropriate composition).

It has also been shown that the exact thermomechanical response of an
SMA is highly sensitive to heat treatments. This is because imposed thermal
manipulations, such as high temperature soaks and rapid quenches, greatly
affect a metal at the microscopic scale. Internal stresses can be generated or
relaxed, and precipitates can be formed or dissolved. As with other metals,
alterations in the elastic, plastic and ultimate failure properties will occur. In
addition, transformation temperatures will shift, and even the ability of the
alloy to exhibit some effects will improve or degrade (i.e., pseudoelasticity).
For example, pseudoelasticity is rarely observed in some NiTi systems that
have been fully annealed and is only possible if sufficient precipitates are
formed via aging or other such treatments [25].

Like heat treatments, cold-working and hot-working performed during
material processing can significantly alter material behavior. Examples of such
working important to the SMA experimentalist include the drawing of raw
material into wires or the rolling of the material into plates. Such permanent
deformations can induce significant internal stresses while also altering the
configuration of the microstructure. The density of dislocations increases and
the configuration of precipitates formed during initial fabrication and heat
treatment can be altered (see Sect. 1.9.1).

Perhaps a more fundamental effect of such processes is the alteration of the
grain structure. Grains are often refined, but can also be notably reoriented,
inducing material anisotropy and texturing effects. Such material alterations
continue to occur during specimen preparation and testing. The thermome-
chanical conditions imposed during material specimen training are especially
influential on the final properties and should be chosen carefully. As with heat
treatments, microstructural changes incurred during working will alter both
the conventional and especially the shape memory properties of SMAs.

These and other considerations lead to an important conclusion, especially
when design of some application is the goal: to accurately characterize a mate-
rial, one must ensure that the configuration and history of the SMA test spec-
imen matches that of the SMA component used to the intended application
component.
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2.4.2 Comparison of Test Specimen to Intended Application
Component

For designers and analysts, the end goal of material characterization is often
the eventual ability to predict the response of some application, and care-
fully planned and executed characterization is required for such correct model
calibration. The material composition and loads chosen for characterization
must be highly representative of those found in the final application sys-
tem. Between the material intended for use in an application and the com-
plimentary material used for characterization, a one-to-one correspondence is
required for the following attributes, several of which have been previously
discussed:

1. The exact alloy composition.

2. The methodology of fabrication of the alloy component, including hot/cold
working and heat treatments.

3. The loading history of the material prior to use (i.e., thermomechanically
stabilized or untrained).

4. The stress state applied (e.g., axial, shear, or multicomponent).

5. The thermomechanical loading path applied, especially in relation to the
phase diagram.

The first two of these items are common to the characterization and appli-
cation of all classes of materials. It is necessary to characterize the same mate-
rial that is to be used in the application. This includes materials with the same
composition, same microstructural texture (as a result of any cold-working),
and same heat treatment history.

The third of these items also pertains to other material classes in some
degree. However, it is especially important for materials such as SMAs that
undergo large deformations and may, over some number of cycles, accumulate
significant irrecoverable plastic strain. The generation of this strain results
from significant changes in the microstructure of the material, indicating that
other material properties may have been altered. As an example, SMA speci-
mens that have been cycled many times and have generated significant plastic
strain will often exhibit less maximum transformation strain than was shown
before these cycles were applied. It is also common for the transformation
regions to broaden (i.e., the difference between M, and M ’ increases). Each
of these effects were observed in Section 2.3.1. In the case of a multi-use
actuator application, a stabilized material specimen should be characterized.
If an application is to be used very few times, or only once, as in the case
of some release mechanisms (see Sect. 1.10), then as-received, non-stabilized
specimens of identical composition should be characterized. Experimentation
itself necessarily imposes loading cycles and that material property evolution
is strongest during the first repetitions of loading. Thus, if as-received (non-
stabilized) behavior is required, used specimens should be replaced often with
new, untested specimens.
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It is also important to consider the applied stress state used to derive
the material constants. The similarity between the stress state applied dur-
ing characterization and that experienced by a component in an applica-
tion has been shown to affect the material parameter calibration accuracy.
Specifically, this concerns the distinction between extension vs. shear. Ten-
sion/compression asymmetry is also common, and this stress state should be
considered as well. If an SMA component undergoes loading consisting mainly
of axial tension and/or compression (i.e., wire or rod applications), uniaxial
testing should be used. For shear-based applications (i.e., torque tubes, etc.),
characterization in shear will often lead to more accurate modeling. In this
way G4 and GM, the shear moduli for austenite and martensite, respectively,
may be directly and accurately determined. Furthermore, material for use
in tensile applications should be characterized in tension, and similarly for
compression.

Finally, let’s consider the thermomechanical (stress or temperature) load-
ing path applied to the SMA component of interest during common use.
Because the micromechanical consequences of repeated constant stress load-
ing may differ from those of repeated isothermal loading, material properties
measured in each of these two ways have been shown to differ significantly. If a
design requires an SMA component to undergo nominally isothermal loading
(i.e., vibration isolation and other pseudoelastic applications), then isother-
mal material characterization will be the most accurate. The same requirement
applies for components undergoing thermal actuation cycles.

2.4.3 Importance of Mechanical and Thermal Loading Rates

Recall that the forward transformation into martensite is exothermic while the
reverse transformation into austenite is endothermic. This introduction of the
latent heat phenomenon and resulting possible temperature changes during
the characterization process imposes additional constraints on the loading
rates applied to SMA specimens. The challenge is particularly applicable to
pseudoelastic testing. Such experiments are often performed at constant tem-
perature to simplify interpretation of the transformation behavior. During
loading, however, thermal energy can be added to the specimen if the heat
generated during the exothermic forward transformation is not dissipated. If
loading is performed slow enough, convective and conductive processes will
remove this additional heat without noticeably raising the specimen temper-
ature. If loading or unloading progresses too rapidly, the temperature of the
specimen will rise during loading and fall during unloading, violating any
isothermal assumptions.

Several studies have been performed to assess the influence of loading
rates on material response. Many of these address pseudoelastic loading
[12, 28, 29] and have found the thermal effects present during this exother-
mic/endothermic cycle to be significant, especially at higher rates. Through-
out the various research efforts in the area of shape memory alloys, many
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displacement and thermal loading rates have been suggested. For isother-
mal loading at any temperature, rates should not exceed ~ 0.01-0.05%
strain/sec [12, 18]. This helps to ensure quasi-static testing. Others have also
explored the martensitic reorientation (detwinning) rate dependency in vari-
ous stress configurations and in various alloys [24, 30], and have shown that
the detwinning process is generally independent of the strain rate.

Finally, dynamic impact testing has also been performed in several stud-
ies [31, 32] and phenomenological model predications and experimental results
have been compared while others [33] have investigated martensitic transfor-
mation mechanisms under these dynamic loading conditions.

The use of reasonable strain rates is straightforward in strain-driven or
deformation-driven experimentation, but not all thermomechanical experi-
ments on metals are performed using prescribed strain or displacement inputs.
Most testing systems also provide the option to use force control, which may
present advantages in some situations. For example, using force control during
pseudoelastic unloading allows the experimentalist to set an exact ending force
value, such as 0 MPa or 7MPa for ASTM standard testing [18]. However, for
SMAs exhibiting “flat” pseudoelastic loading/unloading plateaus, force con-
trol can lead to problems. A constant force rate that is suitable during the
elastic portion of loading quickly leads to an unacceptably high strain rate
during stress-induced transformation as the testing system seeks to provide
the same constant force rate. An example of this is shown in Fig. 2.20.

Here the main result involves a specimen undergoing two pseudoelastic
loading cycles at an ambient temperature of 37°C (nominal). For the first
test, a strain rate of 0.05%/s was applied during both loading and unload-
ing. For the second test, a strain rate of 0.05%/s was applied during load-
ing, but a 0.08N/s force rate was applied during unloading. In Fig. 2.20a
the forward loading (forward transformation) paths for both tests are nearly
identical while the unloading (reverse transformation) curves are not. Dur-
ing unloading, the use of force control in the second test caused high strain
rates as the material response reached the lower plateau stress. This in turn
caused a reduction in specimen temperature from 37°C to 35°C as seen in
Fig. 2.20b. This temperature change causes the unloading curve to follow a
different isothermal load path (i.e., the result for a test temperature of 35 °C)
at the end of reverse transformation.

Whatever the deformation rate imposed, the measurement of deformations
and strains requires careful attention. In some specimen configurations, the
stress-induced strains that result from martensitic transformation or reori-
entation can initiate at discrete locations and then propagate in a wave-like
manner along the length of the test section [34]. For this reason, devices such
as strain gauges with short gauge lengths are not particularly effective at
measuring the macroscopic strain. Instead, they have been shown to indi-
cate “jumps” in strain as transformation or reorientation is initiated in the
local region where the strain gauge is attached [12]. Extensometers, which
generally have larger gauge lengths, have been more effective for measuring
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Fig. 2.20. Comparison of unloading control methods for pseudoelastic testing:
(a) stress-strain response, (b) specimen surface temperature response.
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phenomenological response. Furthermore, the initiation of phase transforma-
tion or martensite reorientation often occurs near the grips and this can lead to
inconsistencies when comparing strain measurement acquired over the entire
length of a specimen (i.e., via crosshead displacement) with those acquired in
a region of homogeneous stress (i.e., via extensometry).

It is also important to impose reasonable heating and cooling rates when
prescribed thermal variations are imposed. For specimens such as wires, direct
resistive Joule heating is common, while in other cases load frame-mounted
furnaces are required. To cool the specimen, conventional liquid baths such
as chilled water [12] or laboratory coolant [35] have been used, especially for
the testing of wires. For temperatures substantially below room temperature,
cooling can be provided by the use of liquid nitrogen [7]. While the mechan-
ical strain rates described above for isothermal testing are generally agreed
upon, appropriate heating and cooling rates are often more dependent on the
experimental system employed. Such rates must be carefully considered and
should be adjusted as necessary to ensure slow, homogenous heating/cooling
of the material sample test section.

2.4.4 Stochastic Variation in Material Response

One must also consider stochastic or statistical variation across different mate-
rial samples. The thermomechanical behavior from specimen to specimen and
test to test will often deviate noticeably from some nominal response. To cor-
rectly perform material characterization, several material samples for each
thermomechanical loading path are often required. Statistical variation may
be minimized by ensuring that samples are prepared from homogeneous bulk
material in a repeatable manner. However, despite such efforts, some variation
will occur and this must be accounted for during subsequent interpretation
of results, calibration of any models, design, and analysis. An example is pro-
vided in the ASTM standard for DSC testing (ASTM F-2004), where the
repeatability across multiple samples is briefly discussed [16]. This issue will
be further exemplified in Example 2 in the following section.

2.5 Examples of SMA Characterization

Having expanded on various details of SMA characterization, this section
highlights how different considerations affect both the planning and execu-
tion of material characterization. Here, three examples are presented. The
first demonstrates SMA wire specimens for use in a pseudoelastic application.
The second addresses pseudoelastic testing once more, though the focus is the
stochastic variation observed when several specimens are taken from the same
source material. Finally, the third example illustrates the derivation of mate-
rial parameters used to model an actuation application in which the material
used is not the common equiatomic NiTi.
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2.5.1 Example 1. Characterization of NiTi Wire Intended for
Pseudoelastic Application

For the first example of characterization, consider conventional, commercially
available NiTi wire, intended for use in an application requiring wire compo-
nents and stabilized material response. Because the material raw form (wire)
is the same as the form needed for the application, specimen preparation is
minimal. The application is used for vibration isolation research and thus
requires an SMA that displays pseudoelasticity at room temperature. The
as-received spooled wire fulfills this requirement.

As outlined above, the first step in the characterization process is the
estimation of the zero-stress transformation temperatures for the as-received
material. DSC testing was again used, and the results from this test are shown
in Fig. 2.21.

The next pertinent step is monotonic mechanical testing of the material.
However, in this example the response of the material below M 7 was of little
interest, and the shape memory behavior of the material was not assessed. To
plan the pseudoelastic testing process, the experimentalist noted that the Af
temperature estimated from the DSC was ~ 20 °C, below room temperature.
This indicates that the first loading path can be applied at room temperature.
However, to ensure that the wire temperature remains constant, a heating
and cooling system was installed to negate the effects of self-heating and self-
cooling during the exothermic and endothermic transformations (2.4.3). This
precaution was indeed a necessity as the applied strain rate of 0.13% strain/sec
used in this case exceeded the recommendations of Sect. 2.4.3.

The final decision left to the experimentalist was the maximum stress level
applied. It is common to decide on this value during testing, while monitoring
the stress in situ. The maximum stress should clearly exceed the end of forward
transformation, but should not be so high as to initiate permanent plastic
yielding.
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Fig. 2.21. Estimation of zero-stress transformation temperature using a DSC;
Example 1, as-received material.
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After an initial isothermal loading cycle was performed, the experimental-
ist noted acceptable results. Thus cyclic loading was commenced to stabilize
the material. Recall also that the intended application will be used at room
temperature. This further supports 21 °C as an optimal training temperature.
Training was performed by applying 15 sequential loading/unloading cycles
with a maximum stress of 700 MPa. The results for all applied cycles are shown
in Fig. 2.22, with the final cycle highlighted. No significant plastic strain is
generated at the end of this last cycle. This material exhibits relatively low
hardening with very distinct transitions from elastic to transformation.

With the material satisfactorily stabilized, the experimentalist repeats the
characterization process with the goal of deriving final material parameters.
Continuing, isothermal loading is applied to the trained wire specimens at dif-
ferent constant temperatures (25, 35, 45, and 55 °C). By noting where trans-
formations begin and end, a new, detailed, phase diagram can be constructed.
By measuring different shape parameters found in each pseudoelastic curve,
elastic properties and the maximum transformation strain can be derived as
shown below. Figure 2.23 shows the pseudoelastic curves for all four constant
temperatures at which the SMA wire was tested. To provide a more detailed
illustration of material parameter derivation, refer to Fig. 2.24, which shows
the material response during testing at 25°C. Here E4 and EM are mea-
sured in a straightforward manner. Although there appear to be two possible
martensitic elastic slopes in this figure (loading and unloading), the slope
during loading is influenced by very minor continuing transformation in some

800
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Fig. 2.22. Pseudoelastic stabilization of material at T = 21 °C. 15 cycles applied,
last cycle darkened.
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Fig. 2.23. Pseudoelastic loading/unloading results for various testing temperatures.
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Fig. 2.24. Pseudoelastic loading/unloading results and derivation of parameters for
various testing temperatures of 25 °C.
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parts of the specimen. The slope during unloading is therefore more repre-
sentative of truly elastic response. Since the analysis and testing are for 1-D
case, v and v™ are not needed.

The next step is to determine the critical stresses for initiation and comple-
tion of phase transformation. At a known constant temperature, these stresses
are denoted as o™* and o™/ for martensite and ¢4* and o/ for austenite.
The values for these stresses at a test temperature of 25°C are shown in
Fig. 2.24. By examining the four isothermal pseudoelastic tests performed
(Fig. 2.23), one can determine the stresses for the initiation and completion
of both transformations at four distinct temperatures. Construction of the
phase diagram proceeds using this experimental data, and results for the cur-
rent case are shown in Fig. 2.25. The various material parameters found during
this experimental study are summarized in Table 2.2.

In addition to the determination of the final phase diagram, the maxi-
mum transformation strain, H*", was also derived. This value is found by
considering again (2.3.2) and solving it for H*". This yields the following
relation: o

H =&~ 25 (2.5.7)
where the stress used in this relation to determine the current maximum trans-
formation strain is o™#. Therefore, given a set of pseudoelastic test results
such as those shown in Fig. 2.24, and considering an imagined martensitic
stress of zero, it can be inferred that the maximum transformation strain,
He" | is equivalent to the amount of strain indicated when the martensitic
elastic stress response is extrapolated to the zero-stress axis. This has been
shown in Fig. 2.24.

One key feature of these results is the incompatibility between the phase
diagram (Fig. 2.25) and the DSC results (Fig. 2.21). The DSC was per-
formed on the as-received specimen without any preparatory heat treatment
(see ASTM F-2004 [16]). The results indicate transformation temperatures
at zero-stress that do not agree with those derived from the phase diagram
via extrapolation. As mentioned previously, this apparent contradiction is not
uncommon in materials exhibiting R-phase transformations (e.g., nickel-rich
NiTi alloys).

Table 2.2. Experimentally derived material parameters; Example 1, trained
material.

Material Parameter Value

EA 55 GPa

EM 46 GPa

M —28°C

My —43°C

Ag -3°C

Ay 7°C
cA=cM 7.4 MPa/ °C

H (0) = H™ 0.056
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Fig. 2.25. Experimental estimation of phase diagram using pseudoelastic experi-
ments; Example 1, trained material.

2.5.2 Example 2. Characterization of NiTi Wire for Determination
of Stochastic Variation

This example is intended to illustrate only the effects of stochastic variation
across samples (see Sect. 2.3) where the effect of interest was pseudoelasticity.
Four NiTi (50.3 Ni, at.%) wire samples with a diameter of 2.16 mm were used,
each taken from the same original roll and prepared (i.e., heat treated) in a
consistent manner.

The zero-stress transformation temperatures of the material were first
determined via DSC testing. The heat flow curves for the heating portion
of the tests for each of the first three wires are shown in Fig. 2.26. Note the
slight variation in the results for wire specimens from the same source and
prepared in the same manner.

Heat Flow

-40 -20 0 20 40 60 80 100
Temperature (° C)

Fig. 2.26. DSC results (heating cycle) showing slight variation across four wires;
Example 2, as-received material.
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Based on the results of the DSC, it was determined that 80°C was an
appropriate constant temperature at which to test the pseudoelastic charac-
teristics of the wire samples. The first of the four specimens was loaded to
~ 800 MPa and then unloaded. Such a load was repeated 20 times to stabi-
lize the material. The results of this pseudoelastic testing can be seen below
in Fig. 2.27. Note the substantial reduction in the pseudoelastic hysteresis
caused by repeated application and removal of the load.

To assess the stochastic variation across multiple samples, this same
loading scheme was applied to each of the remaining three wire specimens.
Stress/strain results for the first cycle and the last cycle were then plotted
and compared. These results can be seen in Fig. 2.28. Here it is observed that
the statistical variation in the response of the specimens is not negligible, and
is more noticeable than the variation in their DSC results (Fig. 2.26). While
the qualitative behavior exhibited by the first cycle and the stabilized 20"
cycle is similar for all samples, there is a marked variation in each response.
Perhaps most notable is the inconsistency in the material hardening observed
in each wire during the final loading cycle. Such a result reiterates the need
for designers and analysts to always account for some statistical error when
deriving model parameters from experimental data. The material properties
averaged across the four samples are given in Table 2.3. Because tests were
not performed at varying temperatures, no accurate phase diagram parame-
ters were derived.
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Fig. 2.27. Results of repeated pseudoelastic testing of large diameter NiTi wires;
Example 2, training of material.
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Fig. 2.28. Results of pseudoelastic testing of multiple large diameter wire specimens
from same bulk NiTi material; Example 2, as-received and trained material.

Table 2.3. Experimentally derived material parameters; Example 2, trained
material.

Material Parameter Value
EA 38 GPa
EM 32 GPa
HCU.’I‘ (a_) — H’l?L(L.’I? 0.035

2.5.3 Example 3. Characterization of Ni60Ti40 (wt%) Plate
Intended for Actuation Application

This example pertains to the characterization of a NiTi alloy intended for use
in an actuation application. The material received for testing was in the form
of plates 267 mm long, 38 mm wide, and 1.8 mm thick. The SMA components
as utilized in the application were in a beam configuration, providing a bend-
ing moment to the aerostructure on which they were mounted. This implies
that the most prominent stresses within the SMA component would be axial
and would vary throughout the component. This experimental study provided
an opportunity to showcase how simple 1-D characterization could be used to
predict the performance of a 3-D SMA component experiencing complex inter-
nal stresses. Thus, careful and accurate model calibration was required. Also,
the application is intended to be used repeatedly. Stable material response is
then required.
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Fig. 2.29. Determination of zero-stress transformation temperatures using a DSC;
Example 3, as-received material.

Here, as before, the first step was to determine the zero-stress transforma-
tion temperatures via DSC testing. For this purpose, small portions (~ 20 mg)
were cut from the received plate with a low force saw. The results of DSC test-
ing are are shown in Fig. 2.29.

The next step was to subject the material to monotonic loading. The first
test was performed at T" < M., and the results are given in Fig. 2.30a. As
is often the case, the maximum stress was not known beforehand but was
chosen during testing such that the majority of detwinning was completed,
yet obvious plastic yielding did not begin to occur. For some SMAs, such
as the material in this example, the detwinning start stress may be clearly
observed during testing while the detwinning finish stress may be less clear
(or completely obscured) due to significant material hardening and plastic
strain generation. In this case, an accurate determination of the detwinning
start stress is useful, and o, ~ 140 MPa was calculated using tangent lines.
Upon unloading, the specimen was heated to above A Iz and the recoverable
transformation strain was recorded. This material does not exhibit recoverable
strains of the same magnitude as those seen in equiatomic NiTi materials
(Sect. 1.9.1).

Following monotonic testing below M, such loading was repeated at
T>A Iz A moderate load was applied and the elastic modulus of austenite
was determined. Because of the intended use of the material in an actuation
application, pseudoelasticity was not of direct interest and the specimen was
not loaded sufficiently to induce this effect. The results for T > A s are shown
in Fig. 2.30D.

The material specimen was then subjected to isobaric thermal cycles.
Based on knowledge of the stresses to be expected in the final application,
a moderate constant loading level of 150 MPa was chosen. The results of
this test are shown in Fig. 2.31. Note the significant amount of plastic strain
remaining at the end of the test, this indicates a certain need for material



2.5 Examples of SMA Characterization 97

600 600 .
T=-40°C {[T=50°C
111 RS SRR R H— :
= 400 ez ST NN AR =
g EY=63GPa a
g L ; g
@ 300 eeefereeees rasesenesss (O R @ ;
[7] ! H H [7] H
I o 5
ZP T Y OSSR SN S S 7
- 24" Oy =140 MPa | :
100 - tforeeeeeenn N P JURNY AR 100 -freerfrererehe e
| €love = 2.3% ] :
— A ~ i
0 T f T f T T 0 T T T T T T T
0% 1% 2% 3% 4% 0% 1% 2% 3% 4%
Strain Strain
(b) T > Af

(a) T < My and SME recovery

Fig. 2.30. Monotonic loading of Ni60Ti40 (wt. %) material in martensite and

austenite; Example 3, as-received material.
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Fig. 2.31. Results of first isobaric test at 150MPa; Example 3, as-received material.

training. Plotting both the zero-stress transformation temperatures and the
newfound 150 MPa isobaric transformation temperatures concurrently allows
for an initial estimation of the phase diagram. This can be seen in Fig. 2.32.
With an estimate of the phase diagram constructed, the material stabiliza-
tion procedure and apparatus were designed. Further review of the intended
application revealed that the maximum stresses in the beam actuators would
not exceed 300 MPa. Therefore, this was chosen as an appropriate stabiliza-
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Fig. 2.32. Initial estimate of the phase diagram; Example 3, as-received material.

tion constant stress level. To complete experimental design, the approximate
phase diagram was consulted, and it was determined that, for full reverse
transformation into austenite at this stress level, the entirety of the specimen
gauge length should be heated to ~ 100°C. A total of 100 thermal cycles
at a constant stress of 300 MPa were applied while the strain response was
monitored. In this case, training was performed at an accelerated rate; there-
fore, correct measurement of the specimen temperature was not guaranteed.
However, the end goal of training is the application of multiple cycles, not the
careful determination of specimen behavior. The training results are shown
in Fig. 2.33a. Note that the final cycle has been darkened. For each cycle,
the maximum strain represents the deformation in the martensitic state while
the minimum strain represents the austenitic response. The difference can be
used to derive the current maximum transformation strain per (2.3.6). Each
of these three strain measures was monitored with each cycle, and their evolu-
tion is shown in Fig. 2.33b. Note how the material begins to stabilize rapidly
in the first ~ 20 cycles, and then more slowly after this.

After material training, the careful characterization process was repeated.
As the DSC is destructive (i.e., it requires a small portion to be cut from the
sample), it was not appropriate to perform this test at this time. Also, exhibi-
tion of the pseudoelastic effect is inconsequential considering the final applica-
tion. Therefore, the next goal was the determination of the functional form of
He“ (g). Multiple isobaric tests were performed at various stress levels, from
300 MPa down to 90 MPa and the results are shown in Fig. 2.34. The hys-
teresis height Ae was measured for each curve, and from these measurements
H" (0,) is derived via (2.3.6) (where o, = 300 MPa, 0, = 250 MPa, etc). The
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Fig. 2.33. Results of 100 applied constant stress cycles at a stress of 300 MPa;
Example 3.

results for the current experimental study are shown below in Fig. 2.35 along
with an analytical fit which suggests that an exponential form of H" (o) is
appropriate.

Finally, an accurate phase diagram was determined. The transition tem-
peratures exhibited at each constant stress applied during isobaric testing
were plotted concurrently with an estimated transformation surface as shown
in Fig. 2.36. The material properties determined from these experiments are
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Fig. 2.34. Isobaric thermal cycling results for six applied stress levels; Example 3,
trained material.
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Fig. 2.36. Final experimental phase diagram derived from constant stress loading
paths; Example 3, trained material.

given in Table 2.4. To graphically summarize a portion of the characterization
process described in this example, Fig. 2.37 is also provided. Here is shown
how bulk material (raw SMA plate) is used to construct appropriate testing
specimens which are then subject to thermomechanical loading paths (cooling
via liquid nitrogen spray under constant load). This subsequently leads to the
generation of useful data which can be interpreted according to the methods

discussed in this chapter.

Table 2.4. Experimentally derived material parameters; Example 3, trained

material.

Material Parameter Value

EA 90 GPa

EM 63 GPa

M, 23°C

M; —14°C

A, 22°C

Aj 49°C

cA 16.0 MPa/ °C
cM 11.4 MPa/ °C

=0.0135[1 — exp(—7200/E*)]
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Fig. 2.37. Graphical summary of the thermomechanical characterization process
as used in Example 3.

2.6 Simple SMA Application Design and Empirical 1-D
Analysis

To begin the initial design of an SMA component for use in an engineering
application, one must be able to choose a suitable alloy composition and then
estimate the overall system response. To choose an alloy, knowledge of various
required design parameters is required, and this will be discussed below. For
the purposes of initial response estimation, a simple 1-D empirical model is
also described in this section.
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2.6.1 Application Design Considerations

The first and most fundamental step in the design of an SMA application is
the determination of the operational limits. From the discussion of these first
two chapters, it should be clear that important SMA behaviors are based on
the current stress-temperature state and loading history. Therefore, the phase
diagram represents the key design space. Using this tool, one can estimate
upper and lower bounds for the operating temperature and the required stress
range.

Furthermore, the limits on the maximum transformation strain for a given
material should also be considered. Each of these three limit determinations
are valuable in helping a designer choose a particular shape memory alloy
and subsequent thermomechanical treatment for a particular set of material
properties. Specifically, operation stress and temperature allow selection of the
transformation temperatures, and this knowledge, combined with estimates of
required actuation strain, further allow an alloy to be chosen.

Often, the most easily determined system parameter is the required oper-
ating temperature range of an active SMA component. It is estimated by con-
sidering the ambient temperature, the ability to heat the SMA element (power
availability), and the ability to cool the element (via active cooling or heat
conduction/convection). The operating stress range is defined by considering
the SMA component loading path, especially in stress-temperature space. For
example, pseudoelastic components usually undergo large variations in stress
over time while some actuators may experience large temperature variations
with little stress deviation.

With a stress-operating temperature envelope defined, one can now esti-
mate the zero-stress transformation temperatures required of an SMA mate-
rial for a given application. Knowledge of these temperatures is key to choosing
a particular shape memory alloy. An example of such an operational envelope
is given in Fig. 2.38. On a stress-temperature phase diagram, one should first
identify the points (7™ g™in) and (7™, g™a%), These are the estimated
minimum and maximum stress and temperature states that the application is
expected to apply to the installed SMA component of interest. For complete
phase transformation, the maximum temperature must exceed the non-zero
stress austenitic finish temperature A‘]{ as computed at maximum stress (i.e.
Tmax > A% o = o™a) and likewise, during cooling (7™ < MzZ, o= ominy,
Assuming a simple linear relationship between stress and temperature on the
transformation lines in the phase diagram, one may then select reasonable
slopes (stress influence coefficients). Values for C4 and CM from 5MPa/K
to 10 MPa/K are generally the most reasonable. Extrapolating down to the
zero-stress axis via relations (2.6.8), A, and M can be found (assuming com-
plete actuation is required).

max min

CA Mf Z Tl’l’llIl _ CM

Ap ST (2.6.8)
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o

& 'max m;;
o~ (gmax, Tmax)

Stress, o

(omin’ Tmin)

CA

s Ar Temperature, T

Fig. 2.38. Example of SMA application design space.

The shaded area in Fig. 2.38 designates the operating regime of the SMA
actuator. A possible actuation path is shown as 1-2-3-4, point 1 being the
starting point, 2 being the temperature for transformation initiation under
o™ 3 the temperature for actuation completion under ¢™**, and 4 being
the temperature for the initiation of transformation back to the original con-
figuration or state, 5.

The determination of the required actuation strain is the final step in deter-
mining a suitable alloy. This can be derived from the amount of mechanical
motion required of a given actuator and is thus application-specific. For one-
time use elements, one can effectively utilize actuation strains that are near the
maximum attainable by a given alloy, i.e., up to 8% for NiTi (Sect. 1.9.1). How-
ever, for elements that are used repeatedly, lower transformation strains are
favorable as they increase fatigue life and decrease plastic strain development.
Considering the known operating temperature, stress and strain, it is now
possible to choose an appropriate shape memory alloy. For many conventional
applications, NiTi will suffice. It is both relatively affordable and widely avail-
able. However, for specialty applications, other alloys should be researched.
A summary of approximate material parameters for various common SMAs,
including NiTiPd for use at high temperatures, is given in Table 2.5. Recall
that representative transformation temperatures were provided in Table 1.1.

For many applications using simple SMA components subject to uniform
or near-uniform stress states (i.e., wires, torque tubes), one can also consider
the end states of operation. These represent the device configurations or states
at the end of forward and reverse transformation, or when the component has
fully transformed in martensite and austenite. To do so requires only the use of
(2.3.2) and (2.3.3), coupled with additional relations describing the operation
of the device (e.g., external forces, biasing spring loads, etc.). These above
equations require only the distinctive properties of pure austenite and pure
martensite. We must develop a more complete material model to predict the
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Table 2.5. Approximate material properties for various SMA material systems

Property NiTi NiTiCu NiTiPd CuAINi

EA 70 GPa 50 GPa 15 GPa 90 GPa

EM 30GPa 25 GPa 25 GPa 80 GPa

v 0.3 0.3 0.3 0.3

a 10-107¢/°C 10-107%/°C 10-107¢/°C 15-107%/°C
cA 7MPa/ °C 10 MPa/ °C 5MPa/ °C -

cM 7MPa/ °C 10 MPa/ °C 5MPa/ °C -

H™e® 6% 5% 3% 4%

p 6500 kg/m® 6500 kg/m® 8200 kg/m? 7500 kg/m®
a¥ 700 MPa 600 MPa 400 MPa 300 MPa

system response during phase transformation. A simple empirical 1-D example
is derived next, and full 3-D modeling accounting for more complex material
behaviors will be introduced throughout the remainder of this book.

2.6.2 Experimentally-Based 1-D Material Model

Based on the experimental results presented throughout this chapter and in
Chapter 1, we can derive a simple empirical 1-D material model to capture
the overall material behavior. Furthermore, we can use the material param-
eters discussed in this chapter and derived in the examples to calibrate such
a model. Of course, for complex engineering applications of SMAs using 3-D
components, such a model is not appropriate. However, it is useful for the
design and analysis of applications based on SMA components undergoing
homogeneous stress with only one component (i.e., uniaxial or shear stress).
For simplicity, the model derived below does not account for partial trans-
formation, which is the subject of Problem 2.10 at the end of this chapter.
Additional empirical assumptions will be described as the model is derived.

Relations for the stable, fully transformed material state have already been
given in (2.3.3) and (2.3.2), which follow easily from (2.3.1). Here we seek to
account for 1-D material response during transformation as well. The model
is derived based on the same “strength of materials” understanding of the
constitutive behavior as was previously employed, and uses the total marten-
sitic volume fraction, &, to track the progression of the phase transformation.
Specifically, £ = 0 when the material is fully austenitic, or in the parent phase,
and £ = 1 when the material is fully martensitic.

Recall Sect. 2.2.3 regarding H*" () and H™%*: a material transforming
into pure detwinned martensite will exhibit the maximum attainable trans-
formation strain, H™%*. However, a material transforming into martensite of
multiple variants will generate a recoverable strain that depends on stress,
He“ (). In this model, and in all models presented in Chapters 3-6, £ will
denote the total martensitic volume fraction, which may include multiple vari-
ants (fully twinned, fully detwinned, or some combination). Because H™** is
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exhibited when only pure detwinned martensite is present, we can also define
a relation that gives the detwinned martensitic volume fraction as:

HC’U/I" (O.)
d
= —" 2.6.9
gl = e (26.9)
Of course it is straightforward to see that we could also give the twinned
martensitic volume fraction as:
g max _ fyeur (O')
t_ ¢ ed _
f=c-¢ —

¢ (2.6.10)

To continue, only £ is considered and the following three assumptions are
made:

e Assumption 1: The elastic stiffness, unique for each phase, varies linearly
with varying martensitic volume fraction. This is consistent with a rule
of miztures approach to accounting for austenitic and martensitic elastic
stiffness. In more complex models, other relations employing the methods
of micromechanics are sometimes used.

E =E" + ¢ EM - EY) (2.6.11)
Assumption 2: The coefficient of thermal expansion («) is a constant.
Assumption 3: The 1-D transformation strain varies linearly with vary-
ing total martensitic volume fraction such that:

el = ¢H (o) (2.6.12)

Note that the sign of H" is dependent on the particular stress applied
(i.e., He" > 0 for tensile stress, H*" < 0 for compressive stress). Substituting
these two relations into (2.3.1) yields:

o= [EX+EEM — EN)e — ¢H™ (0) — (T —T)) (2.6.13)

To further capture transformation behavior, it is necessary to use the phase
diagram that captures the critical 1-D stress and temperature states at which
transformation is induced and completed. From observation of the numerous
phase diagram examples shown throughout the chapter, the following assump-
tion is inferred:

e Assumption 4: The transformation start and finish temperatures at a
given stress (e.g., M7 and A‘]{) are linearly related to the applied stress.
This implies the following relations:

M7 = M, + % (2.6.14)
M? =M, + (;LM (2.6.15)
AT = A+ 53 (2.6.16)
A;:Af—k% (2.6.17)
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To complete the 1-D empirical model, the evolution of martensitic volume
fraction with changing stress-temperature state must be addressed. A final
assumption is then required.

e Assumption 5:
— During forward transformation, the martensitic volume fraction, &, lin-
early increases with decreasing temperature from M7 to M}’ Because
M7 — M]‘Z =M, — Mf7 this can be written as:

M7 —T

£= m (2.6.18)

— During reverse transformation, the martensitic volume fraction, &, lin-
early decreases with increasing temperature from A7 to Af. Because
A‘J{ - A7 = Af — A, this can be written as:

AT 2.6.19
o=y (2.6.19)

This is schematically illustrated in Fig. 2.39 where forward transforma-
tion is shown in Fig. 2.39a and reverse transformation in Fig. 2.39b. Note
that this assumption on the evolution of ¢ is applicable regardless of the arbi-
trary loading path experienced by the SMA material. Whenever the stress-
temperature state is within the transformation region, the current transfor-
mation temperatures at given (non-zero) stress can always be calculated via
(2.6.14)-(2.6.17).

Assumption 5 combined with previous assumptions allows us to define
the martensitic volume fraction for all points on the phase diagram when

o o

(a) Forward transformation. (b) Reverse transformation.

Fig. 2.39. Schematic illustrating the assumed transformation behavior for the evo-
lution of martensitic volume fraction.
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cooling/loading into martensite and when heating/loading into austenite. The
relations for ¢ are given below where (2.6.14) and (2.6.17) are substituted into
(2.6.18) and (2.6.19), respectively.

For loading/cooling into martensite, the martensitic volume fraction is

given as:
0, T>M7,
o
M,+ ———-T
£: s OJV[ g o
—Mq_Mf , Mf<T<MS,
1, T < M7,

while for loading/heating into austenite is given as:

1, T<A,
ag
A+ L T
5: f CA
- > A% < T < A%
A, —A, 0 i Ar
0, T> A7

(2.6.20)

(2.6.21)

Using (2.6.13) combined with either (2.6.20) or (2.6.21), as appropriate,
there are sufficient relations to describe the 1-D SMA behavior during both
transformation (0 < £ < 1) and thermoelastic loading (§ = 0 or £ = 1). Recall
that this model in its current form does not account for partial transformation.

=55°C (Model)

900 900 T———
800 - soo{ | |
700 - 700{ |
— 600 —~ 600 -
e 1 & . :
S 500 S 5001 |
® 1 @ 1
2 400 1 2 400 1
% 300 ® 300 4
PAV R S N N S N 200 i
100 | | —T=55C (Exper?ment) ) 100: —T
— T = 35°C (Experiment) ] —T
0 -+ 0 +————

= 35°C (Model)

0% 1% 2% 3% 4% 5% 6% 7% 8%

Strain

0% 1% 2% 3% 4% 5% 6% 7% 8%

Strain

(a) Experiment

(b) Empirical model

Fig. 2.40. Comparison of experimental pseudoelastic results and 1-D empirical

model predictions (cf. Example 1, Sect. 2.5.1).
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This model has been used to present the pseudoelastic results shown in
the first example in Sect. 2.5.1. The material properties used to calibrate the
model are given in Table 2.2. Here (Fig. 2.40) the isothermal responses at
35°C and 55°C are shown, and the model accurately captures the material
behavior.

Finally, note that the 1-D relations given above can be re-written for homo-
geneous shear. Several engineering applications of SMAs utilize shear defor-
mation, and many of these include torque tube components. For sufficiently
thin SMA torque tubes, the variation in stress and strain through the wall
thickness is small enough to be negligible. For the design of such applications,
it is advantageous to utilize an analytical model such as that given above to
approximate the actuation behavior. This requires that the relations above be
rewritten for shear, where, for example 7 and  denote shear stress and strain,
respectively, and v = 2¢,,. For such a model, material calibration should be
formed using experimental data taken from shear loading.

2.7 Summary

Understanding the experimental characterization of shape memory alloys is
important not only for those who plan to quantify material properties, but
also for those analysts and designers who must form a solid understanding of
SMA behavior. As with characterization of any material, known inputs are
applied and exhibited outputs are monitored and evaluated. As one becomes
more familiar with the uncommon properties of shape memory alloys, an intu-
ition into the material response to a given thermomechanical load is formed.
An understanding of the simple 1-D phenomenological response allows the
construction of empirical material models, as exemplified above. As this under-
standing grows, the formulation and refinement of more advanced theoreti-
cal models that explain or even predict more complicated behavior becomes
possible.

Furthermore, once a model has been proposed, numerical implementation
is necessary to convert a theory into a useable tool for the design and analysis
of engineering applications. The formulation and calibration of various models
and their numerical implementation will be the topic of the remainder of this
book.

2.8 Problems

2.1. Recall that the determination of the stress-free transformation temper-
atures A, and A, can be performed using either DSC or free bend recovery.
How might the temperatures determined by these two methods differ? What
would cause such a difference?
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2.2. Describe two other methods by which all four stress-free transformation
temperatures could be experimentally determined and which does not involve
the measurement of heat flow (i.e., DSC) or deformations (i.e., bend and free
recovery).

2.3. In the experimental work performed by Shaw and Kyriakides [12], a fluid
bath was employed for most isothermal tests. Why was such an experimental
setup used? Explain the consequences of using an ambient air environment
instead.

2.4. Consider further the experimental work performed by Shaw and Kyri-
akides [12]. Explain the mechanisms that lead to the significant variation in
“strain” as measured via crosshead displacement (Al/l,) vs. measurement by
locally-mounted extensometers (g) (see “Figure 12d” in the referenced work).

2.5. Consider the isothermal stress-strain experimental results shown in
Fig. 2.6b. From these results, determine appropriate material parameters.
Assume material isotropy.

a) Determine the elastic stiffnesses of the material.

b) Construct the phase diagram for this material configuration.

¢) Determine a suitable maximum transformation strain. Does the amount
of transformation strain generated during forward transformation vary
significantly with increasing upper plateau stress level?

2.6. Consider the constant stress experimental results shown in Fig. 2.41.
From these results, determine the material parameters assuming material
isotropy.

5.0%
] : : ; E E : ; : —200 MP.
4.5% 4 Tt e 00 MPa
. P P oo —150 MPa
4.0% A
"] — 100 MPa
3.5% A
3.0% A
£ :
S 2.5% -
(2]

2.0% A
1.5%
1.0%

0.5% -

0.0%

0 10 20 30 40 50 60 70 80 90 100 110 120
Temperature (° C)

Fig. 2.41. Example of isobaric strain-temperature experimental results for near-
equiatomic NiTi.
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a) Use the elastic properties from Problem 2.5.

b) Construct the phase diagram for this material configuration.

¢) Determine a suitable function to describe the maximum transformation
strain at all effective stress levels.

2.7. Consider the experimental work performed and reported by Miyazaki et
al. [7].

a) Using the data in “Fig. 1”7 from this reference, reconstruct and complete
the phase diagram shown in “Fig. 2” (i.e., add the transformation finish
surfaces).

b) Based on this phase diagram, approximate three distinct strain-
temperature cyclic responses if this material is subjected to full thermal
cycles at three distinct constant stresses.

2.8. Determine the three thermomechanical states (i.e., stress-strain-
temperature states) of an SMA wire with a length of 0.5m and a diameter of
0.25 mm if it is initially unstressed at T = —10°C (Point 1), then subjected
to a constant load of 15N at —10°C (Point 2), then heated to 150 °C (Point
3). Sketch these points and the connecting paths on the phase diagram, on a
stress-strain plot, and on a strain-temperature plot.

a) Use the material properties from Problem 2.5.
b) Use the material properties from Problem 2.6.

2.9. Determine the three equilibrium states of the SMA wire from Problem 2.8
if it is initially unstressed, then placed in opposition to an elastic spring with a
spring constant of 4 N/mm with a prestress of 75 MPa at —10 °C, then heated
to 150 °C. Sketch these paths on the phase diagram and on a stress-strain
plot.

a) Use the material properties from Problem 2.5.
b) Use the material properties from Problem 2.6.

2.10. Repeat Problem 2.8 using the simple 1-D model derived in Sect. 2.6.2.
Specifically, derive and plot the continuous analytical solution of the wire
stress-strain response. (Hint: The solution must be determined incrementally
to account for the beginnings/endings of transformation.)

2.11. Consider the case in which two SMA rods are arranged as shown in
Fig. 2.42 where both rods exhibit the material properties from Problem 2.5.
The cool wire is assumed to be initially fully detwinned and the initial tensile
stress level in both rods is given.

a) If rod 1 is heated from T}, to Tf, and then cooled back to Tj, determine the
thermomechanical states (stress, strain, and temperature) at the end of
heating and at the end of cooling. Plot these two points on an approximate
quantitative phase diagram.

b) Repeat the case where the temperature of rod 2 is a constant 100 °C.
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SMA SMA
Rod 1 Rod 2

0.5m —T—o.sm —I

T,=0°C T=200°C
T=100° C (Constant)

0,=75 MPa

Fig. 2.42. SMA rods in an “antagonistic” configuration.

(Hint: The solution must be determined incrementally using the model in
Sect. 2.6.2.)

2.12. For the simple 1-D model presented in Sect. 2.6.2, add the necessary
relations to account for partial transformation. Model a case of isothermal
loading at T' = 40 °C using the material parameters given in Table 2.2. Load
the material such that & reaches a value of 0.5, and then unload. At what stress
does £ reach 0.57 At what stress state should reverse transformation begin?
(Hint: Consider reformulating 2.6.21 considering that § must be continuous.)

2.13. An SMA wire has length 2L, diameter D, and maximum transforma-
tion strain H" = H™** It is initially in a twinned martensitic state and is
installed between two rigid supports in a stress-free, straight configuration. A
weight W sufficient to induce and complete detwinning is then hung on the
wire. This configuration is shown in Fig. 2.43. Assuming that E4 = EM | deter-
mine the initial angle 6, just after the weight is added. Furthermore, determine
the elevation, e, of the weight when the wire becomes fully austenitic upon
heating. For the case of E4 # EM_ find the new elevation and compare its
percent difference with respect to the previous case. For this problem you may
neglect any influence of thermal expansion and the weight of the wire itself.

Fig. 2.43. Weight suspended from an SMA wire.

2.14. Consider a composite cylinder as shown in Fig. 2.44, formed by first
expanding a martensitic SMA cylinder to an inner radius R through a detwin-
ning process which causes a tangential transformation strain of e = 0.03. The
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Fig. 2.44. SMA /steel composite cylinder of radius R and subjected to internal
pressure P.

SMA cylinder is then brought over a steel cylinder of outer radius R. Assume
that the thicknesses of both cylinders are very small compared to their radius
(e, tgya < Rand t, < R). The composite cylinder is pressurized by an
internal pressure, P, while it is held between two rigid surfaces that allow
only radial expansion or contraction but not any axial deformation. The com-
posite cylinder is then subjected to a uniform temperature change, sufficient
to cause 90% phase transformation of the SMA from detwinned martensite
to austenite, while small enough to neglect any thermal expansion mismatch
effects. Determine the stress in both the steel and the SMA cylinders for
the case t, = tgy, 4 = 0.03R. Assume also that £, = 200GPa, v, = 0.3;
E¢y 4 =30GPa, vg,,, = 0.3 (Both austenite and martensite elastic proper-
ties are assumed to be the same).

2.15. Describe the feasibility of the following SMA/SMA antagonistic actua-
tor composed of two concentric cylinders. Assume that the inner SMA cylinder
is prestrained axially until ' = 0.056 and then relaxed at 7' < A, at which
time it is equal in length to the outer SMA cylinder. The outer cylinder, also
at T < A, remains in a twinned martensite state (¢ = 0). The actuator is
assembled at a temperature below A, and this assembly is shown below in
Fig. 2.45 in the stress-free configuration. The actuator length L = 150 mm and
the cross-sectional area is 50mm? for both SMA cylinders. Use SMA prop-
erties from Table 2.2. Assume that when the inner SMA cylinder is heated
above A_, the outer remains at a temperature below A_.

a) By assuming a uniaxial stress state in the cylinder assembly, find the max-
imum actuation force that the actuator can generate (actuator “blocking
force”) as the temperature of the inner cylinder is raised to A 2
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Determine the stroke of the actuator for actuation force of 10% of the
blocking force.

SMA SMA, T<A,
prestrained, heated

Rigid

Fig. 2.45. SMA/SMA concentric cylinder antagonistic actuator.

2.16. Consider the cyclic response of an SMA-linear antagonistic actuator,
shown in Fig. 2.46, under temperature variations. Use SMA properties for
NiTi from Table 2.5. The length of both SMA bars is 150 mm and their cross-
section is 25 mm?. The initial state of the SMA actuators is martensitic with

the

left SMA prestrained to e! = 0.06. The initial assembly of the antagonistic

actuation system is such that each SMA component is stress free. An SMA
thermal history will be considered whereby the temperature of a component
is heated from its initial temperature Tj, < A, to a maximum temperature of

Tm a

a)

b)

» = A,4+50°C and then cooled to T, . = M_— 50°C.

Determine the actuator system blocking force Fy, ., by finding the maxi-
mum force when point A is constrained (zero displacement) while the left
SMA actuator is heated to T, .
Consider the following heat/cool cycle: the right actuator, which is initially
in a unstressed twinned martensite state, remains at 7, while the left SMA
actuator is heated to T, and then cooled to T, . . after which the right
actuator is heated to 7). and then cooled to T, . . This heating/cooling
cycle is alternately applied to the right and left actuators until the system
response stabilizes. Assuming I' = 0.5F), ., determine the cyclic response
of the actuator by plotting the displacement of point A with respect to
temperature for several temperature cycles until a repeatable actuation
path is reached.

Fig. 2.46. SMA linear antagonistic actuator.
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c¢) Discuss the advantages and disadvantages of this form of antagonistic
actuator when compared to the configuration described in Prob. 2.15.

2.17. Figure 2.47 shows an SMA-powered automobile designed and con-
structed by freshmen engineering students at Texas A&M University. This
vehicle uses a ”10-cylinder” NiTi SMA engine as opposed to a conventional
internal combustion engine.

The SMA wires have material properties as given for NiTi in Table 2.5.
The 10 wires are each prestrained to e’ = 0.06 prior to installation on the
automobile and the bias springs, once attached, apply a nearly constant force
resulting in a stress of 150 MPa. The diameter of the wires is 0.15mm and
their length is 80 mm. The repeating process of “firing” all 10 SMA pistons
is assumed to take 10 seconds per cycle, with each wire heated independently
and for an equal amount of time to T, = 80°C > A‘JI. Cooling is convective
and T, . = 30°C < MZ. The duty cycle for each wire is 10% heating, 90%
cooling. The electrical resistivity of the SMA material is 80 pf2-cm, the latent
heat of transformation is 20J-g~!, and the heat capacity is 0.32J°C~1g~1.
The car is powered by a 9V battery.

a) Find the horsepower of this SMA automobile engine. Estimate its effi-
ciency as a “green” electric car.

b) What would be the required cross-sectional area of 10 SMA wires (or
rods), each with a length of 1.0m, to design a 100 HP engine? How much
electric power would be required to operate such an SMA engine?

Fig. 2.47. SMA-powered 10 “cylinder” automobile (SMA wires accentuated for
clarity).
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2.18. Consider the SMA-actuated grippers shown in Fig. 2.48 (where all
dimensions are given in mm). A single NiTiCu SMA wire with a diameter
of 0.6 mm and properties as given in Table 2.5 is attached to the gripper at
two locations, one on each jaw. The attachment points are shared with a bias
spring that has a spring constant of k£ = 0.5 N/mm. The SMA wire also passes
over three pulleys: two are symmetric and adjustable and the third is located
on the gripper axis of symmetry. Before installation in a stress free state (grips
closed), the SMA wire is prestrained to 5% transformation strain. The preload
in the spring when the grips are closed is 25 N.

Moving outward from the centerline, the first adjustable pulley position
is located 40 mm from the centerline of the grippers. Five additional possible
positions are spaced 10 mm apart along a line perpendicular to the centerline
(see Fig. 2.48).

220

4 55 E —60—>¢— 90 —
fo ™~

SMA \
(Austenite)

Fig. 2.48. SMA gripper as discussed in Problem 2.18 (all dimensions in mm); a)
closed configuration; b)open configuration.
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Determine the optimal symmetric pulley position such that the opening

motion of the grips is maximized when the SMA is heated into full austenite.
Do not allow the SMA stress to exceed 70% of the yield stress. Repeat for the
case where the spring constant is doubled to 1.0 N/mm. Repeat once more if
the preload on the spring is 50 N. How could this design be improved if there
were no constraints on the location of the symmetric pulleys?
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