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Abstract One goal of the Consortium for the

Advancement of Shape Memory Alloy Research and

Technology is to compile the collective design

experiences of our member organizations into a single

medium that researchers and engineers may use to

make efficient and effective decisions when develop-

ing shape memory alloy (SMA) components and

systems. Recent work toward this goal is presented

through the framework of six fundamental design

aspects we have identified, which include evaluation,

alloy selection, processing and fabrication, testing and

properties, modeling, and system integration consid-

erations including control system design. Each aspect

is documented in the light of enabling the design

engineer to access the tools and information needed to

successfully design and develop SMA systems. Appli-

cation of these aspects is illustrated through case

studies resulting from our own SMA designs. It is

shown that there is not an obvious single, linear route a

designer can adopt to navigate the path from concept

to product. Each application brings unique challenges

that demand a particular emphasis and priority for
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each engineering aspect involved in the development

of a system actuated by SMAs.

Keywords CASMART � Shape memory alloy

(SMA) � Actuator design methodology �
Adaptive/active structures � Smart materials,

structures and systems

1 Introduction

Shape memory alloys (SMAs) have been a topic of

significant research interest for over 40 years (Yama-

uchi et al. 2011; Otsuka and Ren 2005; Otsuka and

Wayman 1998; Buehler and Wang 1968; Cross and

Stimler 1969; Jackson et al. 1972; Duerig et al. 1990).

Microstructural complexities and their resulting ther-

momechanical properties have presented challenges in

understanding how to integrate these materials into

structural applications. Consequently, design of struc-

tural and mechanical systems involving SMA materials

has been sparse and ad hoc. However, upon examination

of a variety of system designs, there are many consid-

erations and parameters that are common to them all.

The Consortium for the Advancement of Shape Mem-

ory Alloy Research and Technology (CASMART) was

established to promote the growth and adoption of SMA

actuation technologies by achieving new understanding

of the materials, fostering dissemination of technical

knowledge, and facilitating application of that knowl-

edge. The Design Working Group of CASMART

(CASMART-DWG 2013) strives to serve as a single

location to capture the collective best practices, critical

information, and perspective necessary for designing

material, structural and/or mechanical systems involv-

ing SMA actuators. Toward that mission, the objective

of this article is to compile the experiences of the authors

into a resource that can aid other engineers in SMA

actuator development.

The first part of the article is a structured high-level

discussion of six aspects critical to SMA actuator

system design: 1. Evaluation of SMA technology and

its applicability to an actuation system (Sect. 2); 2.

Alloy selection from the wide variety of commercial

and research alloys documented to date (Sect. 3); 3.

Actuator fabrication and processing of the SMA

component (Sect. 4); 4. Testing and properties that are

commonly needed for successful SMA actuation

system development (Sect. 5); 5. Numerical modeling

techniques available to complement empirical devel-

opment efforts, including first order calculations,

engineering models, and constitutive models (Sect.

6); 6. System considerations, which encompass system

fabrication, SMA component integration, and design

of control systems (Sect. 7). The intent of these

sections is to capture a broad perspective on develop-

ment and implementation attributes that affect SMA

actuator design and to provide resources for further

investigation into each of these topics. In conclusion,

six case studies are presented, highlighting the variety

in design priorities and processes that arise in devel-

oping applications through the common framework of

the six design aspects.

2 Evaluation

The main purpose of evaluation is to answer the

question: ‘‘Does SMA make sense for this applica-

tion?’’ Distinct advantages are often found for SMAs

in applications where there are space and/or weight

constraints, large deformation and/or force require-

ments, or there is a thermal environment in which

energy can be exchanged for benefit, e.g., Duerig et al.

1990; Mavroidis 2002). A combined use of empirical

and numerical tools is the most efficient way for

designers of all skill levels to assess the viability of

SMA actuation for their application. These tools are

documented in Sects. 5 and 6.

Evaluating the suitability of SMA can vary from

application to application. The following eight ques-

tions provide signposts that can direct the evaluation

process.

1. Why use shape memory alloys? The shape mem-

ory behavior of interest must be identified, i.e., the

shape memory effect or superelasticity (Ma et al.

2010; Sun et al. 2012; Duerig et al. 1990; Otsuka

and Wayman 1998). This behavior should have

potential advantages relative to other solutions

and technologies.

2. What are the application requirements? These

requirements will identify what properties and

performance characteristics are needed from the

SMA element. Applications can require the SMA

element to provide a single operational cycle or up
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to millions of cycles. Life of an SMA component

is driven by the desired response time and

thermomechanical loading conditions. These

requirements in turn drive the choice of material,

form, size, and control methods.

3. What are the cost/expenditure limits? The costs

include the raw SMA material, processing, and

fabrication. The resulting cost per device is

critical to the business case for many applications

to be commercially viable.

4. What is the availability and size of the SMA

element? The available input (power) and

required output (work) of the SMA element often

drive material and form selection. SMA elements

can be of a variety of forms (e.g., strips, rods,

sheets, wires, springs, tubes, etc.…) in various

sizes. Another key consideration is the availabil-

ity and required volume of the material from a

commercial supplier or other source.

5. What efficiency and response time is needed? Both

energy and mechanical efficiencies of SMA com-

ponents may be drivers in evaluating SMA

technology. However, many applications, partic-

ularly in the aerospace industry, are weight

sensitive; thus weight savings (mass efficiency)

may be of higher priority. The maximum available

cyclic frequency can also drive the evaluation.

6. What is the proposed environment? The environ-

ment, especially thermal conditions, will greatly

influence properties of SMAs. Moreover, SMA

selection can be limited by the commercial

availability of alloys, depending on manufactur-

ing volume of the application. Currently, trans-

formation temperatures are limited to *115 �C,

but this is expected to increase in the near future

with the development of high temperature SMAs

(Ma et al. 2010; Benafan et al. 2012a). Other

concerns may include vibration, humidity, corro-

sive elements, and bio-compatibility.

7. What relevant standards and documents are

available? This is especially critical in applica-

tions that require certification. Examples of such

documents include ASTM standards: F2004-05,

F2005-05, F2063-05, F2082-06, F2516-07,

F2633-07, application specific documents, certi-

fication documentation, and supplier data.

8. What other components/system will be required?

Finally, the SMA element is often one component

in a system that can include other mechanical and

electrical elements (see Sect. 8). One must

consider if required system integration technolo-

gies (see Sect. 7) are available or if development is

needed, potentially resulting in increased applica-

tion cost.

Once SMAs are deemed an advantageous technol-

ogy for the application, a more detailed design process

can begin with some combination of the aspects

described in the next sections. Often, a ‘‘zeroth-order’’

model, perhaps consisting of stress and deformation

bounds, preferred alloy composition(s), desired geo-

metric form(s), and application constraints may be

assembled from answering these evaluation questions

and carried into this development.

3 Alloy selection

When developing an SMA actuator, proper material

selection is critical to having a successful application.

This selection should be based on application con-

straints and requirements, which include the amount of

displacement and force, ambient and actuator temper-

atures, cyclic stability and fatigue life, and the

conditions of the operating environment (e.g., corro-

sive, oxidizing, etc.).

SMA materials are generally produced by conven-

tional vacuum melting technologies such as vacuum arc

re-melting (VAR), vacuum induction melting (VIM),

and induction skull melting (ISM) (Russell 2000; Wu

2002). A large variety of compositions and resulting

properties exist for known and available SMA materials.

Alloy selection is therefore typically driven by the

fundamentally different thermomechanical behaviors

exhibited by these compositional variations.

The current standard actuator SMA, Nitinol, is a

good starting point. Nitinol consists of near-equiatom-

ic compositions of binary nickel-titanium and exhibits

an austenite start transformation temperature ranging

between -25 �C up to 115 �C, depending on the wt%

Ni and thermomechanical processing (Frenzel et al.

2010; Otsuka and Ren 1999, 2005; Otsuka and

Wayman 1998; Duerig et al. 1990) (see Sect. 3).

Since the binary NiTi alloys are the most common and

easily procured actuation alloys, they are often simply

identified by the wt% Ni, in the actuator community.

Increasing the wt% Ni generally leads to a decrease in

transformation temperatures; however, these temper-

atures can be easily increased by precipitation heat
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treatments, which can also have the added benefit of

allowing one to tailor other material properties, such

as strength and dimensional stability (Sect. 3).The

most readily available and well-documented alloys

include Nitinol-55 (55 wt% NiTi) composition (Bena-

fan 2012; Stebner 2012; Benafan et al. 2012b, 2013a;

Stebner et al. 2013), which was used in the NASA

active jet engine chevron (Sect. 8.1) and also the

Oxygen Mask Deployment Latches (Sect. 8.3), and

Nitinol-60 composition (Hartl et al. 2010c, d; Khamei

and Dehghani 2010), as used in the Boeing variable

geometry chevron (VGC) (Sect. 8.5).

In addition to binary NiTi alloys, NiTiFe, an alloy

which enhances the R-phase by suppressing the

martensitic transformation (Duerig et al. 1990; Otsuka

and Ren 2005), is readily available on a production

level and is commonly used for lower temperature

applications, such as the SMA Activated Thermal

Switch documented in Sect. 8.4. NiTiNb, is also

available on a production level, but is more commonly

used for coupling applications (Duerig and Melton

1989). NiTiCu, an alloy which exhibits low thermal

hysteresis and improved functional fatigue (Duerig

et al. 1990; Otsuka and Ren 2005), has been produced

on a production level in the past and was used in the

Rolls Royce Gas Turbine Variable Area Nozzle (Sect.

8.6). In the near future, higher transformation temper-

ature materials, such as NiTiPd (Bigelow et al. 2010),

NiTiPt (Kovarik et al. 2010), NiTiZr (Gupta 1999),

and NiTiHf (Bigelow et al. 2011; Benafan et al.

2012a), are expected to be available (Otsuka and Ren

2005; Ma et al. 2010; Wojcik 2009). These ternary

NiTi-based alloys will open doors for higher temper-

ature SMA applications (between 100 and 400 �C),

such as aircraft engine components (see Sect. 8.2).

While other SMA materials including Co-, Cu-, Fe-,

Ni-, and Zr-based alloys (Ma et al. 2010; Wu and Ma

2000) exist, these alloys are less-commonly used as

compared to NiTi-based SMAs generally due to

limitations either associated with their commercial

availability, mechanical properties, transformation

temperatures or transformation hysteresis.

4 Actuator fabrication and processing

Once the material has been selected and fundamental

properties of the material are deemed appropriate for

the application, development of the actuator may

commence. This process typically involves selection

of an actuator form, processing the actuator to refine

thermomechanical performance, and testing to quan-

tify the performance over the parametric space antic-

ipated in the application. In this section, the objective is

to highlight key aspects related to fabrication and

processing methodologies that transform an SMA from

ingot to a useful actuator component.

4.1 Fabrication

Fabrication of SMA actuators requires consideration of

1) actuator form and functionality, 2) fabrication

methods, 3) joining techniques, 4) system integration

and 5) interrelation between these four aspects, as

shown in Table 1. An advantage of SMAs is that the

same material can usually be processed into various

forms, the most common of which are wire, ribbon,

ring, bar, rod, foil, sheet, spring, tube, and plate.

Conventional metalworking processes such as forging,

rolling, and extrusion are used to achieve fabrication of

SMA mill products. Depending on the form, SMA

actuators can generate motion in one dimension, such

as in the case of a thin-wire form (Dolce and Cardone

2001) (see Sects. 8.1 and 8.3), in two dimensions, such

as in bending of a bar (Wessels et al. 2012) (see Sects.

8.5 and 8.6) or even motion in a more complex three-

dimensional manner, such as in largely deformed

springs (see Sects. 8.2 and 8.4), honeycomb (Grummon

et al. 2006), or micro-bump structures (Sun et al. 2009).

Form selection is dependent on element functionality

or actuation method. Tension (e.g., wires, springs),

compression (e.g., rods, springs), bending (e.g., beams,

plates) and torsion (e.g., rods, tubes, and springs)

loading modes have all been exploited in some form

based upon the desired functionality.

Fabrication processes that will not satisfy the

actuator development requirements may be ruled out

using screening methods through a fabrication-pro-

cesses-first approach (Dixon and Poli 1995; Eggert

2005). This approach helps in eliminating the fabri-

cation processes that will not satisfy the actuator

development requirement. Such requirements could

be geometric complexities, actuator size or production

volume. Table 1 identifies three major fabrication

method categories. Material removal processes

including mechanical machining (milling, drilling

and turning), laser or water-jet cutting, etching/elec-

tropolishing and electrical discharge machining
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(EDM) are processes that generally involve wasted

material that increases the total fabrication cost.

Deformation processes including hot forming (e.g.,

forging, rolling, extrusion) and cold forming (e.g.,

wire drawing, swaging) are processes that change the

shape of the raw material by rearranging the solid.

Consolidation processes such as powder metallurgy,

sputtering, plasma spray and bonding are processes

that combine powder or small sub-parts together.

Actuators with complex shape and properties often

involve more than one fabrication process. Some-

times, complete fabrication requires joined assemblies

of two or more components. Various joining tech-

niques are available but only a few have been shown to

be effective (e.g., Falvo et al. 2005; Li et al. 2012,

2013; Yan et al. 2006). Welding SMA to SMA can be

effective, but also problematic. Common concerns

associated with welding are embrittlement, thermal-

induced residual stresses and changes in properties.

Nitinol can be welded to itself using traditional spot

welding techniques. Acceptable joint strengths can be

achieved when the welding is done in an inert-gas

environment, e.g., argon, to avoid formation of brittle

oxides (see Case study—8.1). Soldering and brazing

are other commonly adopted joining techniques.

Brazing has been demonstrated as an effective method

to join Nitinol to itself through the use of a Ag-rich

barrier layer to prevent the formation of brittle

intermetallics like NiTi2 (see Case study—8.6) (Shiue

and Wu 2006). Soldering/brazing fluxes reduce con-

cerns about the heat affected zone and provide closer

assembly tolerances and a neater joint appearance.

However, the composition, strength and melting point

of the assembly can be altered. When permanent joints

are to be avoided, mechanical fastening is an option.

Several mechanical fasteners are available including

integral fasteners (e.g., flanges, embossed protrusions

and crimps), discrete fasteners (e.g., screws, inserts,

studs, and rivets), seams, press fits, shrink/expansion

fits and more. Although mechanical fastening provides

easy disassemble and reassemble without affecting the

base material properties, concerns such as misalign-

ment, stress concentrations and environmental condi-

tions can be an issue.

4.2 Processing

In conjunction with the fabrication and joining

processes presented above, actuator structure andT
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properties can be further tuned through processing.

Actuator processing serves to change component

structure or properties, or to restore those that were

altered during fabrication. In nearly all actuator

applications, heat treatments and thermomechanical

training are employed.

A variety of heat treatments may be used to alter

actuator structure and properties. Shape setting is a

thermo-mechanical process employed in creating

most SMA actuators. A common practice for shape

setting (Hodgson 2000; Smith and Hodgson 2004;

Benafan et al. 2013b) entails (1) mechanically

constraining the fabricated material (wire, sheet, tube,

etc.) within a fixture of the desired shape, (2) heat

treating the constrained material at a high temperature

for a dwell time (commonly at 500 �C for 1 h. for

NiTi), (3) cooling the material (vacuum, air, or

quenching) and finally (4) optimizing the final geom-

etry through subsequent shape sets or additional

machining.

In addition to shape setting, other heat treatments

are often used to elicit precipitate structures that tune

properties such as yield strength, dimensional stabil-

ity, and transformation temperatures, or to relieve

internal stresses (Otsuka and Ren 1999, 2005; Otsuka

and Wayman 1998; Somsen et al. 1999; Kim and

Miyazaki 2005; Nishida et al. 1986). For instance,

NiTiHf alloys produced by NASA GRC were prepared

by VIM (Bigelow et al. 2011; Coughlin et al. 2012;

Benafan et al. 2012a). The ingots were vacuum

homogenized for 72 h at 1,050 �C and furnace cooled

followed by hot extrusion at 900 �C and an area

reduction ratio of 7:1. Samples (in final form) were

then subjected to an aging treatment at 550 �C for 3 h

and furnace cooled. This heat treatment was selected

after a previous optimization study of different aging

temperatures and times, where it was found that these

conditions provided the best thermomechanical prop-

erties (Bigelow et al. 2011; Coughlin et al. 2012).

As mentioned at the beginning of this section,

thermomechanical training processes are used in

addition to heat treatments to establish stabilized

actuator performance for application-specific opera-

tional and environmental conditions. These training

processes often entail a series of load-bias cycles

(thermal cycling through the phase transformation

temperatures under constant stress), strain-bias cycles

(thermal cycling through the phase transformation

temperatures under constant stress), or specialized

training routines such as one time loading, minor loops

and others. These methods are designed to impart

cycle-to-cycle mechanical stability, a property that

dramatically influences functional fatigue of the

actuator. This is critical to fail-safe design, safe

operation, reliable performance and the life of the

SMA actuator in the application.

5 Testing and properties

Determination of the optimal operating stress bound-

aries and other critical material properties is required

for successful design. To date, testing methodologies,

data interpretation, and terminologies used to describe

tests and material properties have varied greatly,

which often lead to uncertainty or misinterpretation

when comparing material properties and data acquired

from different sources. Processes have been estab-

lished and incorporated into ASTM standards (F1387-

99, F2004-05, F2005-05, F2063-05, F2082-06, F2514-

08, F2516-07, F2633-07, F2754-09) for many isother-

mal (body temperature) or bithermal (room tempera-

ture & body temperature) superelastic applications to

address this issue, but at this time there are no

standards for thermomechanical actuation applica-

tions. Thus, in this section we propose unified

procedures for testing and determination of SMA

thermomechanical properties, along with general

definitions and terminologies. The properties of inter-

est for actuator design may be broadly categorized as

(i) effective thermoelastic properties, (ii) transforma-

tion stresses and temperatures, (iii) durability and (iv)

other properties and additional factors.

5.1 Effective thermoelastic properties

Thermoelastic properties that are prevalent in SMA

actuator design are most often obtained from isother-

mal monotonic mechanical deformation tests as well

as thermally cycling through the phase transformation

under a constant applied load (e.g., Bigelow et al.

2010, 2011; Duerig et al. 1990; Otsuka and Wayman

1998). Geometries used to obtain these properties span

the gambit of mechanical test specimens including

wires, cylinders, parallelepipeds, cylindrical and rect-

angular ‘‘dogbones’’, and tubes. The chosen specimen

geometry and orientation with respect to processing

and the loading mode (e.g., tension, compression,
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torsion, combined) should mimic the application as

closely as possible. This recommendation arises from

large inelastic contributions to SMA deformations and

asymmetric responses with respect to loading mode.

Additionally, materials used to create actuators, espe-

cially cold worked geometries such as wires and tubes,

are generally anisotropic due to significant texture

(e.g., Bhattacharya 2003; Bhattacharya and Kohn

1997). Thus, generally Hooke’s law may not be

adopted to transpose axial material properties to shear

properties and is not possible to infer tensile properties

from a torsion test or vise versa.

Loads are measured using force transducers and,

when it is appropriate, they are normalized by the initial

cross-sectional area of the gauge section to facilitate

data reporting in units of stress. Traditional contact

extensometers, contactless laser devices, or digital

cameras with digital image correlation software are

recommended for measuring strains (Favier et al. 2007).

The contactless methods are often preferred as they are

more adaptable to observing the large deformations that

are characteristic of SMAs. Strain gauges (i.e., Wheat-

stone bridges) are not recommended for measuring

average strains of SMA specimens since the phase

transformation in these materials often nucleates and

propagates in a heterogeneous manner (Shaw 2000;

Shaw and Kyriakides 1997b; Olson and Cohen 1972;

Olson and Owen 1992). Furthermore, moving fronts

during transformation, localization of multiple nucle-

ation sites, or improper contacts often result in data that

does not represent the average behavior of the specimen

when using strain gages. Such heterogeneous and

transient behavior in mechanical testing of SMAs has

been observed via optical techniques like infrared

thermography (Favier et al. 2007; Gollerthan et al.

2009; Shaw and Kyriakides 1997a, b; Iadicola and Shaw

2002) and digital image correlation (Favier et al. 2007;

Iadicola and Shaw 2002).

Different choices of load path parameters used in

testing, such as load/stroke rates and control modes

(i.e., stress, strain, load, or displacement control), will

lead to very different SMA responses. This is because

the inelastic deformations that dominate SMA actua-

tion exhibit strong rate sensitivity. Thus, the loading

rate and control mode used in the test should mimic

those desired in the application as closely as possible.

For example, if a strain control mechanical test is

being used to determine properties, the equation

( _e ¼ e
t
) can be used to identify a strain rate _e where t

is the time over which each actuation cycle will occur

in the application and e is the desired actuation strain.

Analogously, _T ¼ DT
t

can be used for temperature

control where _T is the temperature rate and DT is the

desired change in temperature for the required actu-

ation strain. For load control cases, the equation

( _F ¼ DF
t

) can be used where _F is the force rate and

DF is the desired change in force for the required

actuation strain. Many SMA actuators, however,

experience a mixed–mode control situation in service

due to a variety of boundary conditions that are a

consequence of non-SMA components of the actuator

design, such as incorporation of hard stops to control

the actuator stroke or use of a spring to ‘‘bias’’ the

unactuated position (Dynalloy 2011) (see Sect. 8 for

examples). Therefore, actuator design is most accurate

when the tests to acquire material properties as well as

the test equipment most closely mimic the intended

use in the application. If the control mode of the

application is unknown at the time of testing, it is

recommended to use displacement or strain control

over load or stress control since the inelastic defor-

mation plateaus, which are characteristic of SMA

responses (see Fig. 1), take place over a very small

load/stress increment but a moderate displacement/

strain increment. Thus, displacement/strain control

will provide better resolution over the whole of the

deformation responses.

Temperature control must also be considered when

testing SMAs both in the isothermal and cyclic test

conditions. Induction units, furnaces, cartridge heat-

ers, thermal pads and Joule heating (electrical current)
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are some of the common methods used to heat SMA

specimens. Cooling to sub-ambient temperatures is

typically accomplished via an environmental chamber

and liquid nitrogen. In all cases, a uniform temperature

distribution must be maintained across the gauge

section with variations limited to within 1 % of the test

temperature.

Thermography or some other non-contacting tem-

perature measurement method is preferred for sensing

specimen temperature. Surface emissivity of the SMA

specimen is typically required for non-contacting tem-

perature measurements. Emissivity can be measured by

standard techniques, e.g., ASTM E1933, and typically

varies with surface condition. Thermocouple tempera-

ture measurement is possible if non-contacting mea-

surement is not practical. The finest gauge thermocouple

wire possible should be used to minimize the influence

of the thermocouple on the measurement. The spot-weld

should be performed in an inert environment, e.g.,

argon, to avoid production of brittle oxides. Other

methods of thermocouple attachment include soldering

and bonding. Soldering requires a local area of cladding

(e.g., Cu) on the SMA and bonding should be accom-

plished via a thermally conductive adhesive. All of the

contacting temperature measurement techniques affect

the performance of the specimen and are prone to

temperature measurement error.

It is recommended to conduct at least one test to

verify the gradients across the gauge length of the

specimen (e.g., using multiple thermocouples or

thermal cameras). When testing bulk samples, espe-

cially when using induction heating, samples must be

heated throughout the volume of the specimen, not just

the surface where the thermocouple is attached. This is

normally achieved by properly designed induction

coils (geometry, coil spacing, frequency), or by

allowing a soak time at a temperature. Heating/cooling

rates have been shown to have an effect on the

thermomechanical response of these alloys. Heating

rates of 20–30 �C/min are typical values used, and can

be controlled using a tunable temperature controller.

Besides free convection, cooling is usually achieved

by forced convection (e.g., vortex tubes, air lines),

cooling jackets with chilled fluid (e.g., water or liquid

nitrogen), or with controlled fluid baths.

While inelastic mechanisms contributing to SMA

properties differ (Qiu et al. 2011; Qiu and Krishnan

2009; Benafan 2012; Stebner et al. 2013), their

effective properties are analogous to those of other

structural materials. Thus, graphical methods similar

to those used for other metallic materials may be

incorporated. The effective Young’s modulus (E*) of

the austenite and martensite phases can be determined

from fitting the initial loading responses of each phase,

as shown in Fig. 1. It is also common practice to

measure these properties from the unloading portion

of the curves, but both approaches tend to yield similar

results when only effective values are sought. When

measuring the austenite modulus (E�A), the ideal

method is to conduct the test at temperatures above

the Md temperature (temperature where no stress-

induced martensite can form). Some materials, how-

ever, such as Nitinol-55 exhibit the same initial linear

elastic response as long as the test temperature is

above Af ?25 �C, i.e., tests above the Md temperature

are not required (Benafan 2012).

The effective thermal expansion coefficients of the

material, a�A and a�M , can be measured from observing

the pure austenite and pure martensite strain temper-

ature slopes of a zero-load thermal cycle as shown in

Fig. 2 (Qiu and Krishnan 2009). Traditionally, effec-

tive Poisson’s ratios, v�A and v�M , have been assumed

(Otsuka and Wayman 1998; Lagoudas 2008), though

measurements of Poisson’s ratios have recently been

reported for NiTi (Qiu et al. 2011; Stebner et al. 2011;

Young et al. 2010).

5.2 Transformation stresses and temperatures

Unlike conventional materials, SMAs require cyclic

thermal tests in additional to isothermal, monotonic

and cyclic mechanical experiments in order to define

the actuation-specific properties. Cyclic thermal tests

are typically called ‘‘load-bias’’ tests and refer to a test

in which a specimen is thermally cycled through phase

transformation under constant applied load/stress. A

characteristic strain-temperature response resulting

from load-bias cycling of an SMA is shown in

Fig. 3. The actuation-specific properties include trans-

formation strain, work output, residual strain, trans-

formation temperatures and hysteresis. There are four

characteristic temperatures associated with the phase

transformation. On the initial heating portion, mar-

tensite starts to transform to austenite at the austenite

start temperature (As) and completes transformation at

the austenite finish temperature (Af). Similarly, during

cooling, the forward transformation initiates at the

martensitic start temperature (Ms) and finishes at the
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martensitic finish temperature (Mf). These tempera-

tures are typically measured using the tangent-inter-

cept method as described in the ASTM standard

(ASTM-F2082-06 2010). The transformation strain, a

measure of the work output of the material, is

calculated as the difference in axial strain measured

by the intersection points for the heating portion of the

thermal cycle. Transformation strain is also used to

calculate work output as the product of applied

engineering stress and transformation strain. The

residual strain, a measure of the dimensional stability,

is determined by measuring the strain difference

between the beginning and end of the thermal cycle,

either at the low or high temperature side. In an ideal

case, this residual strain would be zero and the actuator

would return to the same position in each cycle.

Finally, the hysteresis can also be measured by taking

the temperature difference between the forward and

reverse transformation.

Knowledge of transformation temperatures and

critical stresses, as well as temperature-stress relation-

ships is essential for actuator development. The analog

of yield stress determination for non-SMA materials

may be incorporated to determine some critical

stresses. That is, a 0.2 % strain-offset method can be

used to determine the onset stress for reorientation of

the martensite phase (rM
s ) and the onset stress for

stress-induced transformation of the austenite phase

(rA
s ), as shown in Fig. 1. To determine other inflection

points, it is often common practice to adopt the

‘‘tangent intersection method’’ (ASTM-F2082-06

2010). For example, in Fig. 1 this method is used to

observe the stress at which martensite reorientation

begins to saturate (rM
f ). These initial and saturation

stresses are indicted by rs and rf on the phase diagram

in Fig. 4. Generally speaking, they are critical to

design for actuation applications because very little

transformation strain will be exhibited by the SMA

component at stresses below rs and maximum trans-

formation strain will be achieved at stresses above rf.

There are exceptions and limitations to these gener-

alities. For instance, transformation strain can be
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achieved at low stresses, below rs, through the two-

way shape memory effect. Also, SMA performance

will start to deteriorate if the material is subjected to

stresses significantly higher than rf.

In Fig. 4, the four surfaces that represent the phase

transformation regions separate the pure-austenite

phase from the martensite phase. These transformation

surfaces can be linear, quadratic or of a higher-order,

non-linear form depending on the material system,

processing and thermomechanical treatment. For

simplicity, they are often approximated as linear, as

in Fig. 4, and each surface is characterized by the

slope relating the shift of a transformation temperature

with different levels of applied stress. These slopes are

described by ‘‘Clausius-Clapeyron’’ coefficients (e.g.,

CA, CM). Stress-free transformation temperatures are

traditionally determined by conducting a simple

differential scanning calorimetry (DSC) analysis

(ASTM-F2004-05 2010). However, for developing

an actuator application, it may be desirable to instead

determine them through a load-bias test at very low

stress (reng \ 5 MPa). In choosing the latter method,

the same specimen may then be used for a series of

load-bias tests, as shown in Fig. 5. From this series, the

tangent intersection method may be used to determine

transformation temperatures and their relationship to

applied stress (hence CA, CM as shown in Fig. 4).

5.3 Durability

Durability testing is critical towards understanding the

structural and/or functional fatigue life of SMAs.

Structural fatigue of the SMA refers to the mechanical

failure or fracture of the SMA component, which

typically originates at inclusions, stress concentra-

tions, surface imperfections, or thermal ‘‘hot spots’’

within the component. Functional fatigue refers to

operational failure of the SMA component within the

application, which is often not associated with struc-

tural fatigue (Eggeler et al. 2004; Wagner et al. 2004;

Casati et al. 2011). The most common functional

fatigue modes are drift in the transformation temper-

atures, accumulation of residual strain and decay of

actuation strain over a number of cycles (Gall et al.

2008; Tobushi et al. 1997; Gloanec et al. 2010;

Figueiredo et al. 2009).

There are several parameters that must be studied to

acquire a detailed understanding of durability. The

surface-finish-to-specimen-thickness ratio is critical

for structural failure but not functional fatigue (Patel

and Gordon 2006). The surface finish must be

addressed relative to the specimen geometry in

fabrication (see Sect. 4, Table 1) and sufficient to

avoid initiation of fracture from surface features such

as oxides. Functional fatigue life may be assessed by

performing cyclic tests that closely mimic the intended

loading and biasing of the SMA component. During

testing it is preferred that the upper cycle temperature

(UCT) and lower cycle temperature (LCT), illustrated

in Fig. 5, be chosen from the bounds for the load-bias

tests to closely mimic the temperature bounds desired

in application, as the UCT and LCT dramatically

affect the actuation response of many SMAs, includ-

ing binary NiTi (Padula II et al. 2012).

In summary, documentation of the following

parameters is a minimum recommendation in report-

ing fatigue data:

• Specimen geometry and dimensions;

• Upper and lower cycle temperatures;

• Power source and control signal;

• Heating and cooling rates (independently, not

simply total frequency);

• Load modes, levels, and rates;

• Ambient temperature and special thermal bound-

ary conditions, such as use of a bath;

• Bias type and force;

• Any use of hard stops.

In the event of thermal gradients experienced

within the specimen gauge length, it is important to

additionally report the temperature gradient in the
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Fig. 5 Load-bias tests at different stress levels. UCT and LCT

are the upper and lower cycle temperatures, respectively. (Color
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specimen in all 3 directions, and the maximum/

minimum temperature experienced by the specimen.

5.4 Additional properties and other factors

Additional tests to determine performance of the SMA

component under shock loads or in a corrosive

environment may be required (Zurbitu et al. 2010;

Bertacchini et al. 2003), depending on the require-

ments of the application. In all SMA testing and data

interpretation, it is important to understand the

processing history (see Sect. 4) of the component

and consider the effects it may have on the observed

responses. Heat treatments, machining processes,

specimen geometry, and cold work all have the ability

to alter SMA behaviors. Thus, care must be taken in

interpreting data for application design (Schaffer and

Plumley 2009; Lagoudas et al. 2009).

6 Numerical modeling

While fundamental tests and material property deter-

mination can aid application design, it is often

desirable to use some combination of modeling and

empirical observation of the desired SMA component

performance for design validation as use of numerical

tools may reduce the development times and costs of

SMA components. In a product development cycle,

there are several occasions where it may be advanta-

geous to perform a calculation or simulation. The

earliest is in the evaluation stage (see Sect. 2). Here

analytic formulae and numerical models provide a

means for evaluating whether or not an SMA is able to

deliver a desired performance. However, numerical

tools are perhaps even greater assets in selecting the

final configuration and geometric parameters of the

SMA component (e.g., Gravatt et al. 2010; Hartl et al.

2010a, c; Stebner et al. 2008, 2009; Turner 2005),

developing SMA control parameters and algorithms

(e.g., DeCastro et al. 2007; Cui et al. 2010; Chen et al.

2009; Song and Ma 2003, 2007; Song and Quinn 2004;

Ma et al. 2004; Ma and Song 2002, 2003; Song 2001b,

2002; Song et al. 1999, 2000, 2001, 2003a, b, 2011;

Furst and Seelecke 2012), and understanding the

interaction of the SMA component with the rest of the

actuation system and its environment (e.g., Burton

et al. 2006; Davis et al. 2008; Oehler et al. 2012b;

Turner 2001).

Readily available tools for calculating SMA actu-

ation include manufacturer supplied material proper-

ties (e.g., Dynalloy 2011), engineering models (e.g.,

Duerig et al. 1990; Redmond et al. 2008a; Otsuka and

Wayman 1998), and SMA constitutive models (e.g.,

Turner 2000a, b; Lagoudas 2008; Hartl and Lagoudas

2009; Panico and Brinson 2007; Seelecke 2002;

Chemisky et al. 2009; Saleeb et al. 2011; Gao and

Brinson 2002; Lagoudas et al. 2006; Patoor et al. 2006;

Kelly and Bhattacharya 2012; Stebner and Brinson

2013; Turner and Patel 2005, 2007). These tools vary

in complexity, capability, and accuracy. Knowing how

to select the most efficient tool for a desired outcome

requires some knowledge of both SMAs and the tools

themselves. Thus, there are current efforts focused on

documenting the tool selection process (Hartl et al.

2012). When coupled with the previously described

experiments, parametric design tools provide an

ability to optimize actuator parameters at a fidelity

that is often not practical to achieve solely through

empirical studies. In the remainder of this section, we

briefly review numerical tools that are available for

parametric studies.

6.1 First-order calculations

If commercially supplied or some other well-docu-

mented material is being used, first-order parametric

evaluation may be performed through calculations

using vendor-supplied or previously determined prop-

erties and relationships between properties and geo-

metric parameters. In some instances, such as in NiTi

wire design, this may be sufficient for the entire

project. For example, if buying actuator wire from

Dynalloy, their ‘‘Tech Sheets’’ document (Dynalloy

2011) provides both electrical and mechanical prop-

erties for their entire family of alloys used in six

common wire actuator configurations. These sheets

provide all of the information necessary to select the

proper wire diameter, length, and biasing component

for the SMA actuation mechanism, as demonstrated in

the Oxygen Mask Deployment Latch case study (Sect.

8.3). However, if developing an application using a

configuration or alloy that is not widely available on

the commercial market, it is not likely that there will

be vendor-supplied data and guidelines available. For

parametric refinement in these cases one must adopt

some type of model that may be fit by empirical data to
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interpolate and/or extrapolate beyond the experiments

that have been carried out in the development cycle.

6.2 Engineering models

Where first-order calculations are unavailable or

insufficient, engineering models are often developed

from empirical data to facilitate selection of final

design parameters. Such models were used in design-

ing the SMA Activated Thermal Switch (Sect. 8.4)

and Gas Turbine Variable Area Nozzle (Sect. 8.6).

One common way to develop an engineering model is

to first create SMA test specimens in the likeness of a

non-SMA mechanical component that is thought to be

of use for the application, such as a spooled wire

(Redmond et al. 2008a) or a helical spring (Otsuka

and Wayman 1998; Duerig et al. 1990). Then the

responses of the austenite and martensite phases of the

SMA in this configuration are observed through

testing. To create the numerical model, parameters

are fit and/or new parameters are introduced to the

engineering or graphical model for the analogous non-

shape memory component such that the empirical

response of each phase is replicated, and the differ-

ence between the two provides the transformation

properties.

Development of these models is well established

in SMA actuator design, having been documented in

published texts on the subject (Otsuka and Wayman

1998; Duerig et al. 1990). One limitation of these

tools is that they are constructed using formulae of

linear elastic theory, yet they are describing highly

inelastic phase transformations and martensite defor-

mations. They work well to interpolate between data

for SMA actuations comprised of deformations that

fit within the confines of small-strain theory to first-

order approximation (see (Malvern 1969) or another

mechanics text for more on small-strain theory).

However, they have a propensity to be inaccurate if

used to extrapolate outside of the data that is used to

calibrate them or to describe large shape changes or

highly nonlinear material responses (Stebner et al.

2009). Still, provided that data is available to

calibrate the models at the boundaries of intended

use, they are a very quick, simple, and efficient

means to refine the parameters of simple geometries

subjected to a single mode of loading, as in the case

of torque tubes in torsion-only or wires in tension.

6.3 Constitutive models

SMA constitutive models implemented into numerical

codes provide a robust means to extrapolate and

interpolate across large parameter spaces with little

required experimental input. Constitutive models were

adopted or developed in designing the active jet engine

chevron (Sect. 8.1), the VGC (Sect. 8.5) and the Gas

Turbine Variable Area Nozzle (Sect. 8.6). Many

different constitutive models have been developed to

simulate SMA behaviors over the course of the past

30 years. These range from microstructure models

that can be used to study and predict effects of

composition and processing (e.g., Gao 2002; Gao and

Brinson 2002, 2000; Gao et al. 2000, 2005; Stebner

et al. 2011; Huang and Brinson 1998; Huang et al.

2000; Patoor et al. 1993, 1994; Sun and Hwang 1993;

Thamburaja 2005; Thamburaja and Anand 2001) to

phenomenological continuum models with a wide

variety of features developed specifically for engi-

neering components and devices (e.g., Turner 2000a,

b; Lagoudas 2008; Hartl 2009; Panico and Brinson

2007; Seelecke 2002; Saleeb et al. 2011; Achenbach

and Muller 1985; Arghavani et al. 2010; Boyd and

Lagoudas 1996, 1999; Brinson 1993; Brocca et al.

2002; Hartl et al. 2010b; Kelly and Bhattacharya 2012;

Lagoudas et al. 2006; Patoor et al. 2006; Stebner and

Brinson 2013; Tanaka and Iwasaki 1985; Turner and

Patel 2005, 2007).

Models of the latter class may be implemented such

that they interact with commercial finite element

software; hence they are often the most logical choice

for modeling of SMA actuator components, especially

those of complex configuration or those subjected to

multi-axial loading or nonlinear deformations. These

models are not without limitations, so one should be

sure to understand the theories, assumptions and

intended use of the constitutive model before selecting

it for their actuator design process. For example, many

constitutive models have been developed, validated,

and verified only for superelastic behaviors (e.g.,

Lexcellent and Bourbon 1996; Morin et al. 2011a, b;

Sadjadpour and Bhattacharya 2007). Thus they may

not have the ability to properly simulate actuation.

However, several research groups have put great

efforts into developing and vetting models for actu-

ation (Turner 2000b; Lagoudas 2008; Hartl 2009;

Panico and Brinson 2007; Saleeb et al. 2011; Argha-

vani et al. 2010; Bo and Lagoudas 1999; Boyd and
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Lagoudas 1996; Brinson 1993; Brocca et al. 2002;

Hartl et al. 2010b; Kelly and Bhattacharya 2012;

Lagoudas et al. 2006; Patoor et al. 2006; Stebner and

Brinson 2013).

In selecting an SMA constitutive model, the

designer should first understand SMA characteristics

that are critical to the component they are designing.

The simplest model capable of replicating these

characteristics should be selected. For instance, if

designing a rod actuator only subjected to tension, a

one-dimensional model (such as Brinson 1993) can be

chosen as opposed to a three-dimensional model.

Similarly, if designing a porous structure, a three-

dimensional model formulated to handle phenomena

such as multi-axial loading and load redistribution

about pores would be required (e.g., Panico and

Brinson 2008). If using a highly cold-worked SMA

structure such as a drawn tube, the ability to simulate

material anisotropy (i.e., different material properties

along the tube axis versus the radial direction as in

Kelly and Bhattacharya (2012) may be required for

accurate results. Through a few simulations, a

designer may quickly evaluate performance charac-

teristics such as maximum stresses, transformation

strains, and also gain a sense as to the benefits and

consequences of changing geometric parameters. As

with finite element analyses of non-SMA components,

a greater design space may be explored at a higher

resolution by linking the finite element simulations

with design and optimization software packages (Hartl

et al. 2011; Oehler et al. 2012a).

7 System considerations

Final design of an SMA actuator requires consider-

ation of system integration factors. Such factors may

include the manner in which the actuator is joined with

the rest of the system, thermal management, and

control methodology.

7.1 Fabrication and integration

Integration of SMA actuators into structural and/or

mechanical systems can involve many factors. Per-

haps foremost in importance is consideration of

whether the SMA actuator is distinct from (attached

only discretely, e.g., Case study—8.4) (Benafan and

Vaidyanathan 2009) or integrated with (attached,

bonded or embedded in a continuous manner, e.g.,

case study—8.1) other parts of the system. This SMA

actuator integration attribute affects many other

system integration factors.

Attachment provisions are a primary concern in

either the distinct or integrated actuator case. Options

include mechanical connections (i.e. crimping wires,

see Sect. 8.3, Dynalloy 2011), bonding, welding and

brazing. Mechanical connections are the simplest type

and are most common in applications involving

distinct SMA actuators or where electrical connection

is desired. Mechanical connections and techniques for

joining SMA to SMA were discussed in the Sect. 4.

Similar techniques involving mechanical connections,

welds or brazed joints are often used when integrating

the actuator into a mechanical or structural system. An

exception is when the actuator must be bonded to or

embedded within a fiber-reinforced polymeric (FRP)

structure.

Techniques used for bonding an actuator to the

exterior of a structure and embedding one within a

polymer-based composite structure are similar. Struc-

tural adhesives include epoxies, acrylics, silicones and

hot melts. Bonds with adhesives and composite resins

can often be rendered effective through simple mechan-

ical means such as light sandblasting or chemical

etching to remove the oxide layer. Even greater bond

strengths can be achieved through a more sophisticated

process of etching and priming the SMA actuator to

achieve a combined mechanical and chemical bond.

One such method involves cleaning with an organic

solvent, grit blasting, acid treatment for new oxide

formation and chemical bonding with a Silane coupling

agent, such as amino siloxane (Dow Corning Corpora-

tion 2009; Sever et al. 2009; Smith et al. 2004). As with

many joining method, adhesive bonding disadvantages

consist of poor impact properties, instability at relatively

low temperatures and chemical reactions.

In many cases, SMA actuators work against a

deformable structure or articulating mechanism.

Although two-way shape memory can be implemented

to enable reversible control of an actuated system,

greater stroke and force can be achieved by employing

two one-way shape memory elements as an agonist–

antagonist pair and/or by using a non-SMA bias

element in the system. Implementation of agonist–

antagonist pairs can be complicated by the need for

thermal isolation between actuators. The bias-element

approach is more common and can be achieved via a
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conventional spring or a deforming structure, both of

which provide a restoring force to return the SMA

actuator to the rest configuration.

Heating by direct current requires access to the

actuator ends and is dependent upon electrical resis-

tance (see Alloy selection and Case study—8.1) that is

compatible with the power source. Actuator access

locations and electrical resistance can both be con-

trolled as desired by forming electrical circuits via

joints (e.g., mechanical connectors, welds, brazing)

between multiple SMA actuators. Other means of

active applied heating include surface-mounted and

cartridge heaters that can be bonded or inserted into

SMA actuators, or by induction/eddy current heating

(Butera and Bianconi 2000).

For direct-current heating, power transmission

wires should be routed as directly as possible to

minimize resistive load and wire gauge should be

adequate to carry the required current to the SMA

actuators without introducing parasitic losses. Con-

nectivity to the SMA actuators can be achieved

through mechanical connections or a better and more

permanent electrical connection can be achieved

through soldering. An acceptable solder joint requires

cladding (e.g., Cu) of the SMA actuator. Cu cladding

can be accomplished by standard industrial electro-

plating processes. Although the impedance of SMA

actuators can be controlled by development of clever

circuitry, as mentioned above, the load is primarily

resistive and requires a power source that can deliver

adequate current for heating.

The rate at which heat can be dissipated from the

SMA actuators to the environment is the dominant

factor in determining frequency response of the

system. Environmental heat loss can be improved by

optimizing conductive, convective and, to a lesser

extent, radiative heat loss paths. This must be

balanced, however, with requirements for heating the

actuators. Devices that are useful for improving heat

loss include finned heat sinks, heat pipes and thermo-

electric modules. Improvements in frequency

response can be achieved by a thermal control

approach involving active cooling as well as heating.

Active cooling is possible through thermoelectric

modules and directed forced convection.

Mechanisms have an important role in many

applications. Levers and linkages are most prevalent

due to the ability to amplify stroke or force. Locks,

brakes and over-center devices are other mechanisms

that have proven useful in conjunction with SMA

actuators for some applications.

7.2 Controls

A critical element of an SMA actuation system is

control methodology (Gedouin et al. 2011; Williams

et al. 2010). Control of SMA actuators is typically

implemented by active or passive means of applying

and removing heat. Perhaps the most elegant applica-

tions of SMA actuators are those that use changes in

ambient conditions to control the SMA actuation, or

passive control. More typically, however, active

control is achieved through applied heat and environ-

mental cooling. It is often desirable and practical to

apply heat by direct current (Joule heating) because of

its simplicity and rapid response.

Active control methods include open-loop and

closed-loop strategies (as discussed in Song and Ma

2003, 2007; Song and Quinn 2004; Song 2001a; Song

et al. 1999, 2000, 2001, 2003a, b, 2011), as well as

Sect. 8). Closed-loop strategies require measurement

of relevant parameters, which could include actuator

temperature, structural or mechanical displacement,

structural strain, etc. Non-contacting temperature

measurement can be very valuable due to the low

heat capacity of small SMA actuators. Fiber optic

strain measurement is also desirable due to the low

thermal sensitivity. Many other application-specific

parameters may be useful for active control, such as

fluid parameters (temperature, pressure) for a system

involving convective heating and cooling or dynamic

fluid loading.

A well-designed control system can have numerous

advantages for the SMA system. It enables multiple

output states such as position, mitigates some failure

modes, and allows the designer to optimize the SMA

performance and system design. Parts of the SMA

control system include the SMA element (wire, tube,

etc.), thermal elements (heating and cooling elements),

sensors (output displacement sensor), and controller

software and hardware. The control system design is

intimately tied to the actuation form and actuation

mode. The model of the SMA element is challenging

because of the inherent nonlinearity and hysteretic

relationship between input (temperature) and output

(strain). Conventional control hardware and controller

designs, such as Proportional-Integral-Derivative,

computer based control, are often implemented for
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SMA applications. However, thermal management is a

feature of SMA control that is not significant for many

other actuators. Efficient thermal management is

critical to the application success and should be one

of the driving design criteria for the control system.

The controller design is based on the system objectives,

e.g., to minimize settling time, avoid overshoot,

minimize power requirement, among others.

8 Case studies

The ensuing case studies demonstrate different actu-

ator design processes performed by CASMART

member organizations. In each review, the incorpora-

tion of design aspects and key findings thought to

influence future SMA actuator development are

summarized.

8.1 Active jet engine chevron

Chevrons are a proven technology for jet exhaust noise

reduction. However, a trade-off of noise reduction at

take off and thrust loss at cruise dictates the need for

active/deployable chevrons. Parametric effects of jet-

engine chevron systems were also poorly understood

at the time of this work. The objective of this work was

to develop active chevron technology to enable

immersible chevron systems for studies of immersion

amount and circumferential distribution in a wind

tunnel at model scale. Motivation for this work is

demonstrated by the jet engine simulator (JES) shown

with static (immovable) chevrons in Fig. 6.

8.1.1 Evaluation

Testing of active chevron systems at model scale in a

wind tunnel presented some unique challenges. The

model was approximately 1:9 scale of a commercial

transport aircraft engine, resulting in chevron

planform dimensions of approximately 4.8 9 3.3 cm

and a trailing-edge thickness of 0.076 cm or less. The

trailing-edge thickness was of paramount importance

due to scaling issues in the aeroacoustic noise

production mechanisms. Previous experience with

laminated composites having embedded SMA actua-

tors suggested that the thickness constraint could be

met while providing adequate control authority

(Turner 2001). In-plane actuation via SMA materials

was the only approach known to have potential for

achieving a deformable structure with the thickness

constraint. Additionally, the temperature range and

required cyclic frequency were within acceptable

limits for known SMA materials and actuator forms.

8.1.2 Alloy selection

The facility intended for testing the active chevron

system was the NASA Langley Research Center

(LaRC) Low Speed Aeroacoustic Wind Tunnel

(LSAWT). The LSAWT is an open-circuit, open-jet

acoustic wind tunnel equipped with a JES. The facility

had provisions for forward flight simulation via the

main tunnel flow and the JES had two engine flow

streams representing core and bypass flows. The

temperature of both engine flow streams was control-

lable, with a lower-limit on the bypass flow matching

that of the freestream conditions. The active chevron

treatment was restricted to the bypass nozzle to avoid

the high temperatures associated with the core nozzle

flow and thereby avoid the necessity for high-temper-

ature SMA materials. These temperature consider-

ations were the main discriminator in terms of alloy

selection and the accommodations mentioned above

allowed the use of typical, commercial SMA materials.

Other considerations such as the desire for high

actuation authority and high electrical resistance, to

facilitate the Joule heating, dictated a NiTi composi-

tion. Joule heating was selected to avoid the additional

thickness of a surface-mounted heater and to localize

the heating to the actuators. Furthermore, the thickness

constraint and the desire to minimize the number of

actuators, in order to achieve adequate actuation

authority while simplifying fabrication and system

integration, led to selection of a Nitinol material in a

ribbon/rectangular-wire product form and having a

thickness close to that of a typical composite ply. The

selected material was a Nitinol alloy with a weight-

percent composition of 55.4Ni-44.3Ti-0.3X, where XFig. 6 JES with static, core and bypass chevrons
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indicates impurity content, in a ribbon product form

with cross-sectional dimensions of 0.229 9 0.015 cm

and having favorable transformation and shape mem-

ory characteristics, as will be described in more detail

subsequently.

8.1.3 Actuator fabrication and processing

A laminated composite structure with embedded SMA

actuators was envisioned to accomplish the objectives

of this application. Consolidation of SMA actuators

within the epoxy resin required a cure cycle at

temperatures well above the expected actuator oper-

ating temperature in order to prevent the resin from

softening too much during actuation. It was antici-

pated that such an elevated-temperature cure would

compromise typical actuator ‘‘training’’ procedures,

so the actuator performance was measured as a

function of thermal cycle, see below, and the actuators

were allowed to stabilize in the composite structure.

It was estimated from previous experimental data

from the chosen Nitinol material that a prestrain of

4 % would result in sufficient actuation authority.

Lengths of the prestrained SMA material were lightly

sandblasted to remove the oxide layer for improved

Nitinol–Nitinol joining and Nitinol-resin adhesion.

The desire for Joule heating and the aerodynamic

requirements, namely smooth integration of the chev-

ron to the bypass nozzle and a geometrically-clean

trailing edge, suggested the need for simple electrical

connectivity to the actuators at the chevron root and

provisions for one or more continuous electrical

circuits within the chevron. Continuity within the

chevron was provided by spot welds, made in an argon

atmosphere, thereby joining pairs of Nitinol ribbon at

strategic locations and forming an actuator sub-

assembly that will be described in more detail in Sect.

7.

8.1.4 Testing and properties

Tests conducted on the Nitinol ribbon material

included DSC to determine unconstrained transfor-

mation behavior, tensile tests at a range of tempera-

tures and blocked-force tests as a function of

temperature and thermal cycle. Tensile tests were

conducted using an environmental chamber for tem-

perature control. The cyclic, blocked-force testing was

performed using Joule heating to increase the cyclic

frequency. The data from these tests supported

evaluation of the concept, first-order calculations for

initial design, and ‘‘calibration’’ of numerical models

for detailed design. The evolutionary behavior of the

actuator material was quantified and used directly in

lieu of training, as mentioned previously. Represen-

tative Young’s modulus and recovery stress results are

shown in Fig. 7. Additional detail on the test methods

and results can be found in Turner (2001).

Fig. 7 Young’s modulus and blocked-recovery-stress results from thermomechanical testing. (Color figure online)
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8.1.5 Numerical modeling

A constitutive model that was particularly suited to

modeling SMA actuators embedded in a laminated

composite structure had recently been made available

in commercial finite element codes (Turner 2000b;

Turner and Patel 2005, 2007). Familiarity with the

model and its relative simplicity made it possible to

use the model for analysis and design throughout the

active chevron project. Initial numerical studies were

conducted on flat chevron concepts, i.e., without the

cylindrical radius of curvature, to explore parameters

such as number of composite layers, number of

actuators and actuator placement. The desirable

chevron bending movement was achieved simply by

embedding the actuators on one side of the middle

surface. Bending of a cylindrically curved chevron,

however, required the actuators to be embedded so as

to position the line of actuation toward the interior of

the nozzle relative to the neutral axis, which does not

lie on the middle surface. A schematic of a typical

curved chevron, the neutral axis and the desirable

embedded actuator configuration are shown in Fig. 8.

Computational results guided fabrication of chevron

prototypes and were correlated with bench-top experi-

mental results to make changes to the design or

fabrication approach. Refinements in the computational

model that were found to be important included

accounting for laminate thickness variations, incorpo-

rating measured temperature distributions (from infrared

thermography) and studying the influence of the aero-

dynamic load. A final design with predictable and

acceptable performance was achieved using this

approach.

8.1.6 System considerations

Integration of active chevrons into a wind-tunnel

model required careful consideration of many factors

including aerodynamics, electrical power distribution,

instrumentation and control. The general fabrication

process for the active chevrons consisted of lamination

of oversized layers, consolidation by vacuum hot press

and machining to final dimensions. Fabrication of an

oversized laminate, as opposed to net-shape fabrica-

tion, allowed for the most flexibility in planform

geometry and lay-up/cure tooling. Vacuum-hot-press

processing facilitated rapid fabrication and high

throughput. A glass–epoxy, unidirectional S2-glass/

3501-6 resin) material system was selected because it

was electrically insulating and allowed visual flaw

detection. Material with a nominal cured ply thickness

of 0.01 cm was selected to balance the objectives of

low overall laminate thickness with high ply count to

allow stiffness control and to facilitate actuator

placement, i.e., maximize actuation authority.

A mold for the vacuum hot press was specifically

designed to allow for a range of planform aspect ratios;

see Fig. 9a. Glass–epoxy plies were cut to precise

dimensions and lamination was performed to position

the actuator assemblies as far from the neutral axis as

possible. An actuator sub-assembly, processed as

described above, is shown in Fig. 9b. A partial-ply

was cut transversely and placed between the joined

strips of SMA in each of the actuator sub-assemblies.

This sub-assembly was aligned in the mold via a

transparency template, as shown in Fig. 9c. The welds

in each actuator sub-assembly were thus positioned

near the intended tip of the chevron, while maintaining

slight separation between the two actuator sub-

assemblies at that location. Addition of the remaining

plies finished out the lamination and lightly knurled

Fig. 8 Schematic of chevron and actuator configuration

Fig. 9 Stages of the active chevron fabrication process:

(a) laminate sub-assembly in mold; (b) actuator sub-assembly;

(c) actuators positioned on laminate
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grips in the fore and aft resin dams rigidly held the

ends of the actuator sub-assemblies during the cure

cycle. The thickness discontinuity at the actuator

crossover point was accommodated by a hole cut in a

layer of polyimide film that was placed in the mold

beneath the laminate.

The portion of the actuator sub-assemblies protrud-

ing from the root of the consolidated laminate was

copper plated to enable soldering and to improve

contact-type electrical connections. The laminate was

machined to the net-chevron shape by multiple passes

of an end mill around the perimeter of a trim tool (to

prevent delamination), as shown in Fig. 10a, thereby

removing the sacrificial ends of the actuator sub-

assemblies but leaving connectivity through the welds

at the chevron tip. A chevron holder, shown in

Fig. 10b, was designed to adapt the chevron to a

typical bypass nozzle assembly for the LSAWT and to

provide power and instrumentation connectivity to the

chevron. The Cu-plated actuator ends were trimmed to

fit the holder precisely with the bottom conductor of

each actuator sub-assembly making contact with a Cu

power lead. An electrical/mechanical clamp in the

holder secured the actuator ends and provided con-

nectivity between the two actuator sub-assemblies,

thereby forming a single electrical circuit to power the

entire chevron. Flame-sprayed aluminum oxide and

polyimide film prevented unwanted connectivity

within the holder and between the two conductors of

each actuator sub-assembly at the chevron root,

respectively. The active chevron is shown configured

to test on the bench top and with representative flow

via a square nozzle in Fig. 10c.

A PID-type controller was developed using structural

strain, actuator temperature and flow properties (i.e.,

temperature and pressure), to control the immersion of

the chevrons. The chevrons were individually fabricated

and integrated into the nozzle with independent holders

to allow for interchangeability and ease of replacement.

Additional details on the active chevron development

are available in (Turner et al. 2006, 2008).

8.2 High temperature SMA springs and wires

The design cycle for high-temperature (*300 �C

actuation temperature) SMA springs and wires at NASA

Glenn Research Center (GRC) was actuator-motivated

rather than application-driven. That is, rather than

designing to the specifications of a single application,

it was desired to arrive at a general class of actuators

with quantified performance characteristics. This is

somewhat different from the other case studies and

design strategies documented within this article, but

companies seeking to market actuators often adopt this

alternate approach as a single development cycle yields

actuators with many potential applications across

multiple industries (e.g., Langbein 2009; Telezygology

2012; MigaMotors 2012). A great benefit is that

subsequent application-specific design cycles are much

less involved as the actuator is already established; akin

to integrating a commercially available DC motor or

pneumatic cylinder, controls and system integration are

often the only further development required. Hence, this

case study will follow the development of a suite of

high-temperature SMA actuators through the stages that

have been outlined in this article.

8.2.1 Evaluation

The decision to pursue a suite of high temperature

SMA actuators was driven by NASA’s successes in

developing high temperature SMAs with promising

properties and the potential for these new alloys to

provide light-weight actuation in high-temperature

environments where actuation is often challenging,

such as near turbine cores.

8.2.2 Alloy selection

In years preceding this actuator development effort,

metallurgists at GRC created a multitude of ternary

Fig. 10 Single chevron assembly: (a) machining to net shape;

(b) mechanical/electrical connections; (c) bench-top/flow test

apparatus
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and quaternary NiTi-based high temperature SMA

compositions and characterized their bulk actuation

properties including transformation strain, thermal

hysteresis, transformation temperatures, and cyclic

accumulation of permanent set (i.e., ‘‘open loop

strain’’) (Noebe et al. 2006, 2008; Bigelow 2006;

Noebe et al. 2005; Bigelow et al. 2007, 2008a, b;

Padula II et al. 2007; Padula et al. 2008). Of these

alloys, Ni19.5Ti50.5Pd25Pt5 exhibited the most desir-

able combination of actuation properties, which

included transformation temperatures ranging from

230 �C (Mf w/o load) to 350 �C (Af under 400 MPa

load) with a thermal hysteresis spanning *80 �C,

maximum transformation strain of *2.8 %, and

cyclic permanent set that did not exceed 0.5 % over

5,000 cycles provided the maximum temperature

imposed upon the allo remained at or below 400 �C

(Bigelow 2006; Padula II et al. 2007). Of all these

properties, the cyclic stability was the primary influ-

ence on the decision to choose this alloy—other

compositions had shown greater transformation strain

in single cycles, but they had large permanent sets that

did not stabilize with cycling, rendering them unde-

sirable for use in applications (Bigelow 2006; Padula

II et al. 2007). Here we note that high temperature

SMA development efforts have continued at GRC

since this suite of Ni19.5Ti50.5Pd25Pt5 actuators was

developed, and a new Ni50.3Ti29.7Hf20 alloy has shown

a greater repeatable transformation strain of 3.5 % as

well as superior cyclic stability (less than 10-3 %

permanent set over hundreds of cycles) and a dramat-

ically reduced thermal (20–25 �C) (Benafan 2012).

The drawback to this alloy relative to

Ni19.5Ti50.5Pd25Pt5 is that it may only be used in

environments up to *130 �C as it exhibits lower

transformation temperatures.

8.2.3 Actuator fabrication and processing

Cylindrical 25.4 mm diameter by 102 mm long ingots

were produced by VIM in a graphite crucible. The

ingots were homogenized in vacuum at 1,050 �C for

72 h. and subsequently sealed inside an evacuated

steel can in preparation for extrusion. 7:1 area

reduction extrusion processes at 900 �C were then

performed until the diameter of the SMA was reduced

to 2.2 mm. To prevent Fe contamination, the steel

cans were pickled off after each extrusion, and the

material was then re-canned prior to the next

extrusion. The 2.2 mm hot-extruded rods were cen-

terless ground into wires of 1.5 and 1 mm diameters.

To create 0.5 mm diameter wire, some of the 1.5 mm

ground wires were annealed at 600 �C for 30 min and

then cold-drawn to 0.5 mm diameter by Dynalloy, Inc.

Helical spring geometries (Table 2) were fabri-

cated using these wires as starting material. Stainless

steel mandrels were used as molds for the helical

geometries, and the wires were wound around these

mandrels, constrained to them using collets, and the

clamped fixtures were then shape-set in a tube furnace

using a heat treatment of 500 ? 10 �C for 1 h.

followed by air cooling. See Fig. 11 for a photo of

mandrels, collets, and springs. To create the helical

geometries of the smallest outside diameter (OD), it

was necessary to first shape-set a spring of the larger

OD, then wind and shape-set a spring around a smaller

mandrel and shape set again. For the larger wire

diameters, two intermediate diameter shape sets were

required. Fracture occurred in attempts to create the

smallest diameter springs directly from wire.

Table 2 Spring geometries that were fabricated and charac-

terized in the development cycle of high temperature NiTiPdPt

SMA actuators

Wire diameter (mm) Spring OD (mm)

0.5 6.4

0.5 12.7

1.0 9.5

1.0 12.7

1.5 12.7

1.5 19.0

Fig. 11 Examples of the mandrels and collets discussed in the

fabrication section of the high temperature SMA actuator case

study, as well as some of the springs
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8.2.4 Testing and properties

Details regarding the design and programming of the

test fixtures used to characterize the actuators may

be found in (Stebner 2007). Using this equipment,

actuator components were subjected to a variety of

dead loads and their displacement and temperature

responses were recorded as electrical currents were

turned on and off to thermally cycle the actuators

through phase transformation. From these responses,

transformation temperatures, strains, and stresses

were documented using the methods described in

Sect. 5.2 and the resulting data may be found in

(Bigelow 2006; Padula II et al. 2007; Stebner 2007;

Stebner et al. 2008, 2009). It was found that a

maximum of actuation strain of *3 % was obtained

from wires subjected to engineering tensile stresses

of *400 MPa while the maximum stroke obtained

from springs was observed when they were sub-

jected to loads that result in shear stresses of

150–200 MPa in the undeformed helical geometries.

Additionally, springs of smaller ODs are more

efficient actuators than those of larger ODs as

quantified by calculating work output per unit

volume of material.

Also of interest was understanding the tradeoffs in

choosing springs and wires of different geometries to

facilitate reduced development times and costs for

future engineering of high temperature SMA applica-

tions. To make these comparisons, wire and spring

data were normalized to per unit length and per coil

performances, respectively. This normalized data was

then extrapolated to consider a 400 mm long wire of

each diameter, as well as a spring made from that same

400 mm length of wire (Table 2). In examining this

table, the benefits of each configuration are clear;

wires can provide roughly double the total work output

relative to springs, but that same wire turned into a

spring can lead to over 1,500 % increase in stroke

(Table 3).

8.2.5 Numerical modeling

The modeling used in the development cycle of these

actuators was solely empirical. Geometrically it

consisted of varying diameter for the wires and wire

diameter, OD, pitch, and number of coils for the

springs. Additionally, applied loads and currents were

also varied to characterize responses under a variety of

thermo-mechanical conditions.

Once the empirical database was developed, previ-

ously published SMA engineering models were eval-

uated to see if they could be used in selecting the best

actuator for use in future applications. For wire form, a

simple engineering model is sufficient to properly size

actuators for application as the actuation stroke is now

known for engineering stresses of 100, 200, 300, 400,

and 500 MPa. Engineers may now design a

Ni19.5Ti50.5Pd25Pt5 wire actuator by selecting a wire

diameter that will carry the desired actuation load

using the equation

F ¼ p
4

rd2 ð1Þ

knowing that the recommended operating stress to

achieve maximum stroke using this material is

between 350 and 400 MPa for lives of 102–103 cycles

(It is possible lives will exceed this, but at this time

cycles to failure for this developmental alloy are still

largely unknown). The length of the wire may then be

selected using the equation

l ¼ stroke

actuation strain
: ð2Þ

While engineering models do exist for design of

SMA springs (e.g., Otsuka and Wayman 1998; Duerig

et al. 1990), they were found to be insufficient to

represent the characterized responses of the

Ni19.5Ti50.5Pd25Pt5 springs, largely because these

engineering models are formulated for small, linear-

elastic-like deformations but the empirical study of

Table 3 Stroke and work capabilities of wires and springs (Stebner et al. 2009)

Wire diameter

(mm)

Wire length

(mm)

Wire max stroke

(mm)

Wire work output

(N 9 mm)

Spring OD

(mm)

Spring max

stroke (mm)

Spring work output

(N 9 mm)

0.5 400 11 637 6.4 150 220

1 400 11 2,366 9.5 150 1,140

1.5 400 11 6,553 12.7 150 2,570

Shape memory alloy actuator design 21

123



these springs showed highly non-linear, history

dependent responses. Thus, if an application requires

performance characteristics of a spring that do not fall

within the established empirical database, a finite

element simulation using a constitutive model formu-

lated within a nonlinear thermodynamic framework is

recommended.

8.2.6 System considerations

This stage of the design cycle was not specifically

addressed in this effort as the goal was simply to

characterize the performance of a suite of

Ni19.5Ti50.5Pd25Pt5 SMA actuator components. How-

ever, integrating SMA wire and spring components is

well documented (e.g., Duerig et al. 1990; Dynalloy

2011, Sect. 8.4). The only additional complication that

arises with a high-temperature alloy is that of temper-

ature: the electrical, mechanical, and thermal connec-

tions must be rated for temperatures up to 400 �C.

8.3 Oxygen mask deployment latch

To promote the future of SMA technology, SMA

manufacturers such as Dynalloy, Inc. have often

sponsored student design projects. Boeing has partnered

with Dynalloy to support teams of Northwestern

University undergraduate students in designing several

SMA-actuated devices, including the lightweight latch-

and-release mechanisms for deploying oxygen masks in

the event of an emergency aboard commercial aircraft

(see Fig. 12). The projects have been quite successful, as

students have achieved over 75 % weight reduction

from existing pneumatic cylinder and electric solenoid

latches. Once implemented, this leads to an approximate

weight savings of *10 pounds per large aircraft (150?

seats), resulting in *$150,000 fuel cost savings per

vehicle each year the aircraft is in service (Maynard

2008).

While this case study reviews the development

cycle in student projects, it also showcases the relative

ease and simplicity that may be obtained in designing

SMA actuation systems if commercially available

products are able to fulfill the desired actuation

requirements. Akin to the process of selecting a DC

motor or pneumatic cylinder from a commercial

vendor, properties and their relationship to geometries

and configurations as well as system integration

solutions are already developed and well documented,

greatly reducing development times and costs.

Fig. 12 Three student teams have independently designed

SMA actuated latch-and-release mechanisms for stowing and

deploying oxygen masks on commercial aircraft. Their designs

reduce the weight of the pneumatic cylinders and electrical

solenoids currently used by*75 %. This leads to*$150,000 in

fuel savings per plane per year for large aircraft, such as the 747.

The mechanisms are named (from left to right) Compact Drop

(Spring 2011, Student Team: Matthew Chan, August Domel,

Jerome Jeevarajan, Vineeth Raghunath), Shape Memory Alloy

Latch & Lever (SMALL) (Spring 2010, Student Team: Gregory

Budd, Michael Chen, Evan Hunt, Lyndon Sapozhnik), and The

Flex-i-Lever (Spring 2010 Student Team: Frank Cummins, Jake

Vander Ploeg, Ben Woldenberg)
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8.3.1 Evaluation

In these projects, evaluation was performed for the

students a priori. Boeing targeted these latches for

weight reduction through application of advanced

smart materials, one of which are SMAs. This target

was set largely because a single, small (*0.1 mm

diameter, 40–50 mm long) SMA wire has the potential

to replace a (relatively) bulky, multi-component

cylinder or solenoid and weight savings aboard any

aircraft is paramount to reducing operating costs as

well as CO2 emissions.

8.3.2 Alloy selection

Dynalloy made their entire commercial offering of

Flexinol� wires available to the students. This greatly

accelerated the alloy selection process as the choice

was reduced to ‘‘70’’ or ‘‘90 �C’’ wires. Most aircraft

emergencies in which oxygen would be needed occur

at high altitude as a result of cabin de-pressurization,

thus the ambient temperatures are expected to be

between -130 and 30 �C, depending on the nature of

the emergency. In these cases, the 70 �C family of

wires is most efficient since they require the least

amount of thermal energy to actuate in these environ-

ments. However, one of the student teams considered

the emergency of a cabin fire, and arrived at a different

decision. In the event of fire, the ambient temperature

could feasibly exceed 70 �C, and it would also be

undesirable to feed the fire with extra oxygen. Thus the

team decided to take advantage of a wire from each

transformation temperature family: they used a 90 �C

wire as the normal operation actuator, and justified the

additional thermal energy need to operate it with the

ability to use a 70 �C wire that would lock-out the

oxygen masks if the compartments were near the fire

(Fig. 13).

8.3.3 Actuator fabrication and processing

Dynalloy processed and fabricated crimped wire

assemblies using their trade secrets.

8.3.4 Testing and properties

Dynalloy has published Technical Data Sheets (Dyn-

alloy 2011) for their alloys, thus the base alloy

properties were already determined for the students.

The testing performed by the students mostly

addressed configuration, control, and system integra-

tion issues. This testing was done in the Design and

Mechatronics Laboratories at Segal Design Institute,

Northwestern University, and was unique to each

team’s development goals. In general, the teams had to

determine if their designed SMA configuration would

work as anticipated, verify they had properly sized the

biasing elements, and also determine the control

parameters (current, time) required for repeatable

actuation, which can vary from those published in

Dynalloy’s Tech Tips once the SMA component is

thermally coupled to the system.

8.3.5 Numerical modeling

The students used first-order calculations aided by

Dynalloy’s Technical Data Sheets (Dynalloy 2011) to

understand the performance strengths and tradeoffs of

each configuration. For instance, they learned that if

they fixed the ends of the wire and pulled on the wire’s

side they could achieve a larger stroke than if they

used the wire in pure tension (14 vs. 5 % max), but the

wire in the bending configuration could only accom-

modate a fraction of the operating force (*20 %).

They also noted the electrical power requirements for

using Joule heating to achieve actuation varied

depending on wire length (higher resistance the longer

the length) and diameter (higher resistance the smaller

the diameter).

Fig. 13 A close-up view of the SMALL, which made use of

both families of Flexinol� wires to provide a fail-safe that would

prevent oxygen from being deployed into a burning fire
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8.3.6 System considerations

The students took advantage of crimping solutions

offered by Dynalloy to integrate the SMA wires both

mechanically and electrically to the oxygen mask

deployment systems. This highlights the advantages of

using commercially available SMA solutions: they are

well-developed and easy to implement relative to

some of the other case studies documented in this

article in which the SMA and/or actuator form was

developed specifically for the application.

8.4 SMA-activated thermal switch for lunar

surface applications

Thermal stability of Earth orbiting spacecrafts, space

mission components (e.g., detectors, instruments,

rovers, satellites, cryogen Dewars) and future outposts

on the moon and Mars has been a critical constituent

for reliable system operation. Several thermal solu-

tions that are routinely employed on Earth are deemed

impractical for space applications due to the high

propulsive energy and cost required to transport

payloads and store them in space. The objective of

this work was focused towards developing a light-

weight, self-sustained thermal switch that can benefit

all space mission components where a heat path must

be regulated during system operation. Particularly, the

thermal switch designed, fabricated and tested in this

work was aimed toward providing on-demand heat

load rejection from a liquid oxygen (LOX) tank

maintained at 92 K as the temperature of the space

environment varies from 40 to 400 K on the lunar

surface. This will help ensure efficient transport/

storage/transfer of LOX when critical temperatures

are reached.

8.4.1 Evaluation

Among a list of devices used to achieve component

thermal stability, thermal switches have been at the

forefront. Gas-gap, paraffin, and differential thermal

expansion thermal switches have been developed and

used (Martins et al. 2011), which provided the added

benefit of coupling/decoupling capabilities and ther-

mal isolation. Nevertheless, these devices usually

depend on external resources (e.g., sensors, power,

pumps and heaters) which increase system footprints

and mass, in addition to mission cost. By replacing the

switching mechanisms with solid-state ‘‘smart’’ actu-

ators, considerable improvements in the overall

system performance can be achieved. An SMA-

activated thermal switch operates based on a funda-

mental material response that integrates sensing,

control and actuation functions in a single entity.

Since operation via SMAs is achieved through a

material response and not mechanical or electrical

actuation, a significant reduction in design complex-

ities and input power requirements is possible.

Moreover, SMA activated thermal switches operate

in a spark-free and clean motion avoiding any faulting

or ignition that can interrupt the continuity of

operation. Examples of previously developed SMA

switches based on conduction heat transfer principle

are shown in Fig. 14.

Fig. 14 SMA thermal conduction switch design progression as

part of the University of Central Florida and NASA Kennedy

Space Center collaboration. The actuation mechanisms of these

switches are: a SMA housed helical-actuators (Droney et al.

2003), b SMA helical-actuators (Krishnan et al. 2008a), c SMA

strip-actuators (Lemanski et al. 2006)
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8.4.2 Alloy selection

From many classes of SMAs, near equiatomic NiTi is

a commonly used SMA owing to its favorable

mechanical properties (Funakubo 1987; Benafan

2012; Otsuka and Ren 2005; Ma et al. 2010) and

commercial availability. Binary NiTi generally under-

goes a cubic (B2) to monoclinic (B190) phase

transformation at temperatures from slightly below

room temperature to around 100 �C (Otsuka and

Wayman 1999), restricting the cold environment

(below 0 �C) in which they can be used. Moreover,

binary NiTi exhibits a wide thermal hysteresis asso-

ciated with the phase transformation with significant

dimensional instabilities during repeated thermome-

chanical cycling (Benafan 2012; Zarnetta et al. 2010).

Addition of a third element such as iron (Fe)

introduces a stable intermediate trigonal R-phase

(B190 $ R-phase $ B2) with improved fatigue

response and reduced hysteresis while suppressing

the phase transformation and shifting it to lower

temperatures (Krishnan et al. 2008b; Otsuka and Ren

2005). As a tradeoff, strains associated with the

R-phase are typically limited to about 1 % (compared

to *4–6 % in binary NiTi). Yet, SMAs can still be

effectively developed as an actuator when used in the

form of helical spring. These SMA spring elements

can provide large strokes and adequate work output

superior to conventional hydraulic or pneumatic

actuators (Hirose et al. 1989; Mavroidis 2002; Frenzel

et al. 2011). The selected material was a ternary

Ni47.1Ti49.6Fe3.3 (at.%) produced by Special Metals,

New Hartford, New York (received in a spool of as-

drawn 2.16 mm diameter wire). This alloy composi-

tion was selected based on a previous optimization

study of different compositions and thermomechani-

cal treatments, where it was found that these condi-

tions provided the transformational properties of

interest (Manjeri 2009).

8.4.3 Actuator fabrication and processing

The helical actuators were designed to function in

extension (the ‘‘on’’ configuration) and compression

(the ‘‘off’’ configuration) using torsion theory of close-

and open-coiled helical springs under axial loading

(Wahl 1963). Using NiTiFe wire (with a diameter, d,

of 2.159 mm), the mean coil diameter, D, was selected

to yield a spring index, C, of 7. Once the design was

finalized through modeling (discussion follows), the

as-drawn SMA wire was coiled around a solid mandrel

with a helical groove. Shape setting was accomplished

by heat treatment at 500 �C for 25 min., followed by

an ice-water quench. The helical springs were then

removed from the fixture and subjected to a final

Electrical Discharge Machining (EDM) step to facil-

itate their fastening in the final assembly.

8.4.4 Testing and properties

The stress-free transformation temperatures: R-phase

start (Rs), R-phase finish (Rf), austenite start (As), and

austenite finish (Af) were measured using a Perkin

Elmer Diamond DSC at a rate of 20 �C/min under

nitrogen cover gas. These temperatures were deter-

mined using the tangent intersection method and were

found to be -10, -28, -25, and -6 ± 2 �C, respec-

tively. The transformation from the R-phase to B190

martensite was not detected in the temperature range

tested, but it is expected to take place below -100 �C.

Similar testing was performed after shape setting the

actuators and after thermomechanical cycling. Ther-

momechanical characterization of the helical actuators

was performed in a servo-hydraulic load frame for

room temperature tests, and in a custom, fully

instrumented vacuum bell jar for low temperature

experiments. For the austenite phase, isothermal

uniaxial tests at Af ? 20 �C were performed to

determine the stress–strain response of the actuators.

For the R-phase, the actuators were thermally cycled

under constant loads between room temperature and

-100 �C using controlled liquid nitrogen flow.

8.4.5 Numerical modeling

Adapting from Wahl (1963), the spring deflection,

d(T, r), was determined according to:

d Tð Þ ¼ 1

4
pNaD3F sec a

cos2 a
G Tð ÞJ þ

sin2 a
E Tð ÞI

� �
ð3Þ

where Na is the number of active coils, a is the helix

angle, G(T) is shear modulus, E(T) is the elastic

modulus (dependent on the temperature T), J is the

second polar moment of area and I is the second

moment of area. As part of the design stage, a

systematic methodology was developed with guide-

lines to devise efficient SMA helical actuators. Effects
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of the helix angle were investigated by direct

comparison between the reduced equations commonly

employed (which neglects curvature and direct shear

effects by assuming the spring elements as a straight

wire in pure torsion) (Wahl 1963), modified models

that account for the helix angle (Hearn 1997), and

finally models in full form (Ancker and Goodier 1958)

that account for bending and helix effects. A repre-

sentative comparison between the three theoretical

formulations and experiments is shown in Fig. 15.

Detailed analyses with results can be found in Benafan

(2008).

8.4.6 System considerations

The low temperature SMA actuators were combined

with a variable length, two-phase heat pipe to

construct the thermal switch. Two-phase heat pipes

are advantageous in that they offer enhanced heat

transfer and allow reductions in component weight

and volume without decreasing performance. A

schematic of the thermal switch operation is shown

in Fig. 16. During a lunar day cycle (*14 days) when

temperatures are near 400 K, the SMA actuators are in

their open or ‘‘off’’ position and exist in their high

temperature phase where they overcome the force

from the bias springs (Fig. 16a). During a lunar night

cycle when temperatures are near 40 K, the

temperature of the surrounding space environment

drops resulting in a phase transformation in the SMA

springs. The phase transformation results in the

R-phase that is now less stiff and is overcome by the
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Fig. 15 Comparison of a load-extension and b extension-helix angle results obtained from theory and experiments. The reduced and

modified formulations deviate from the experimental data at higher extensions and higher helical angles. (Color figure online)
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Fig. 16 Schematic of switch operation: a ‘off’ position during

the lunar day (hot) and b ‘on’ position during the lunar night

(cold)
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bias springs. The resulting actuation (facilitated by

bellows in the heat pipe) takes the switch to its closed

or ‘‘on’’ position wherein it is in thermal contact with

the LOX tank as shown in Fig. 16b. In this closed

position, heat is rejected by the heat pipe closed

thermal process. As the temperature of the space

environment increases, the SMA actuators retract and

pull the switch back to the open or ‘‘off’’ position.

The complete assembly (Fig. 17a) was tested in an

instrumented vacuum bell jar (Fig. 17b) where the

actuation and thermal performance were acquired.

Temperature was controlled to simulate working

conditions by flowing liquid nitrogen and by heating

elements inside the testing apparatus (Fig. 17c). Load,

stroke, pressure, temperature and power were moni-

tored and controlled using LabVIEW� for over 60

on–off cycles.

The thermal switch exhibited favorable and con-

sistent thermo-mechanical properties while providing

a reliable passive actuation mechanism. Large stroke

during transformation (up to 7 mm) against bias forces

(up to 39 N) with near-zero irreversible axial defor-

mation were obtained. Integrating these actuators with

a closed variable length two-phase heat pipe produced

a thermal switch capable of transferring up to 13 watts

using pentane as the working fluid. More detailed

analyses and results can be found in Benafan (2008).

8.5 Variable geometry chevron

One source of noise from commercial high-bypass

ratio turbofan engines is the turbulent mixing of the

hot jet exhaust, fan stream, and ambient air. Serrated

aerodynamic devices, or chevrons, immersed into the

flow at the nacelle trailing edge have been shown to

significantly lower jet noise at take-off and reduce

shock cell noise during cruise (Calkins et al. 2006).

The practical use of these devices requires a compro-

mise between noise reduction and engine perfor-

mance. While the immersed chevrons reduce noise,

(a) (b)

(c)
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Fig. 17 a Variable length heat pipe switch with NiTiFe helical

actuators and bellows. b Mounting fixture for testing. c Switch

in instrumented vacuum bell jar (1 heater; 2 LVDT for

measuring stroke and load cell; 3 glass jar; 4 coils with liquid

nitrogen; 5 thermocouples and power input through feed-

throughs; 6 vacuum pump; 7 LabVIEW� data acquisition)
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their immersion also creates drag or thrust loss. These

losses result in a penalty for flights with long cruise

times. The VGC was developed to utilize compact,

lightweight, and robust SMA actuators to morph the

chevron between a shape optimized for noise reduc-

tion at takeoff and a shape at cruise that reduces shock

cell noise without compromising engine performance

(Calkins et al. 2006; Mabe et al. 2006b; Hartl et al.

2010c, d).

In August 2005, Boeing tested a number of noise

reduction technologies on an All Nippon Airway

(ANA) 777-300ER as part of the Quiet Technology

Demonstrator-2 program (Fig. 18). The VGC thrust

reverser translating sleeve was tested on a modified

commercial GE90-115B engine. The VGC system

was tested on six flights over 5 days with three

different engine configurations. Autonomous opera-

tion and individual control of the 14 VGCs was

demonstrated. Nine different chevron configurations

were examined in the controlled mode, investigating

both community noise and shock cell noise perfor-

mance. The system was able to smoothly and quickly

move between immersion configurations at cruise

conditions, allowing a parametric study of chevron

shapes for shock cell noise reduction. Test configu-

rations included both uniform and azimuthally vary-

ing immersion configurations. In 2006 the VGC thrust

reverser was modified for testing on a GE static engine

test stand. Configurations similar to those conducted

in flight were tested on a static engine stand (Calkins

and Mabe 2007).

8.5.1 Evaluation

Morphing technologies increase a system’s perfor-

mance by manipulating characteristics to better match

the system state to the operating conditions defined by

the environment and task. The VGC allowed an

optimized chevron shape at multiple flight conditions.

In operation, the VGCs immerse into the engine fan

flow to lower noise at takeoff and retract to reduce

thrust losses at cruise. The SMA actuators were

compact, lightweight, robust, thermally activated and

thus uniquely suited to meet this morphing function.

The VGC design required a monolithic flexure

actuator design to fit in the available space inside the

chevron. While in the past a majority of the SMA based

concepts and designs for morphing structures have used

wire actuators, the simplicity of the monolithic flexure

actuator is a great advantage. It has a very small part

count and provides a simple, low-profile method of

connecting to and deforming the substrate structure. It

avoids the difficulties of wire based designs that often

rely on a complex set of mechanisms and clamps to heat

the wire and then transfer the large forces to the structure.

The VGC system was conceived of as having two

modes of operation: powered and autonomous. In both

modes, the SMA actuators are activated by thermal

changes, driving a chevron shape change. During

powered mode, a control system manages internal

heaters to control the actuator temperature and corre-

sponding VGC shape. The control system was used to

continuously vary the chevron shape between the

Fig. 18 Flight test of VGC mounted on GE90-115B engine on a ANA 777-300ER as part of the Quiet Technology Demonstrator 2

program
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actuation limits. This provided the ability to set and

hold a chevron configuration of interest, facilitating a

parametric study of the effect of chevron configura-

tions on noise measurements. Strain gage signals

provide a measure of each VGC’s shape, quantified as

a VGC tip immersion relative to the nozzle exit.

Autonomous mode relies on changes in environ-

mental and fan exhaust temperatures to heat and cool

the actuators. It requires no internal heaters, wiring,

control system, or sensing. As illustrated in Fig. 19,

this provided one tip immersion at take-off another

during the cooler cruise state. According to specifica-

tions, the VGCs were required to produce a dynamic

tip motion of over 0.900, from 0.300 into free stream to

0.600 into fan stream.

8.5.2 Alloy selection

Until recently, highly Ni-rich NiTi alloys were not

available commercially, however, research into the

role of nickel in NiTi alloys has been under investi-

gation for decades (Mabe et al. 2006a). Otsuka and

Ren (2005) provide an outstanding overview of the

field. They discuss in detail the background and

current understanding of the development and effects

of the secondary Ni-rich phases in NiTi alloys. Wojcik

(2003) has completed work which examines the

transition temperature, strain capability, and the effect

of thermal aging on Ni-rich NiTi alloys. Boeing

pioneered the use of the Ni-rich NiTi alloys for

aerospace applications due to their unique properties.

The Ni-rich NiTi alloys have excellent thermo-

mechanical stability, their transition temperature can

be set by a heat treatment process, and they do not

require cold-work which allows for hot forming of

complex shapes. A comparison of equiatomic and Ni-

rich alloys shows that in tube form Nitinol-55 exhibits

over twice the dynamic output of Nitinol-60 (Mabe

et al. 2006a). However, the Ni-rich NiTi alloys have

shown much greater dimensional stability under

thermal mechanical cycling, thus making them useful

as flexure actuator forms. Research with Nitinol-60

demonstrated that with proper heat treatment the same

ingot of material could produce both superelastic and

shape memory properties. Additionally with proper

heat treatment, the transition temperatures could be

varied from -55 to 70 �C. Recoverable strain up to

2.5 % has been observed along with a strong two way

effect and high cyclic stability without cold work.

More information on the history and properties of

Nitinol-60 can be found in the references (Calkins and

Mabe 2007; Mabe et al. 2006a; Otsuka and Ren 2005).

8.5.3 Actuator fabrication and processing

All of the flight test actuators were fabricated from a

single billet of Nitinol-60 which had been hot rolled

into nominally 0.2500 (0.635 cm) thick plate. The

flexure’s basic shape was formed in a series of water

jet and wire EDM machining steps. The finished

actuators were 1000 (25.4 cm) long by 1.500 (3.8 cm)

wide with smoothly varying thickness from 0.17500

(0.44 cm) at the middle to 0.0600 (0.15 cm) at both

ends. Two holes were cut and tapped at the midpoint of

each actuator for fastening to the substrate. The

austenitic phase shape was set, the shape memory

effect activated, and the transition temperatures

established in a series of thermal processes. Figure 20
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Fig. 19 Jet engine with VGC mounted on the trailing edge of

the fan nozzle

Fig. 20 Nitinol-60 flexure actuators used for flight test before

(bottom) and after (top) heat treat processing
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shows a pair of SMA flexure actuators before and after

the final heat treatment processes.

Each actuator was conditioned for 100 thermal

mechanical cycles while attached to a substrate

nominally approximating the chevron substrate loads

prior to installation on the chevron and system

calibration. Thermally-induced plastic deformation is

often a problem for applications employing SMAs. In

the case of Nitinol-60, experience has shown that its

austenitic set shape is significantly more stable than

Nitinol-55. As with Nitinol-55, thermomechanical

training can improve the stability of the transformation

shapes, however with Nitinol-60 the number of

training cycles required to stabilize the material is

more than an order of magnitude less than conven-

tional Nitinol-55. Figure 21 shows the test set up used

for conditioning actuators which demonstrates the

stable long term operation. The strain is plotted versus

time for a prototype actuator thermally cycled on an

aluminum substrate over the first 100 cycles.

8.5.4 Testing and properties

Initially the lack of data on monolithic Nitinol

actuators, especially related to the effects of stress

concentrations, varying stress and strain fields, and

actuator-to-substrate interaction, made designing

actuators difficult. This required a rigorous series of

tests early in the program to produce material property

data for design purposes and, most importantly, to

meet flight requirements. The modulus of the NiTi

alloy actuators was measured in two ways. The first

method computed the Young’s modulus by varying

the applied stress and by measuring the strain while

maintaining a constant temperature. The stress was

applied at the tip of a cantilever beam for these

characterization tests. The Young’s modulus was

calculated from the slope of the maximum beam

stress versus maximum beam strain. The second

method described in Fig. 22, involves thermally

cycling the flexure under varying tip loads and

plotting the fully austenite and the fully martensite

applied stress versus strains for that particular cycle.

The two methods return different values, particularly

for the martensite state. The nature of these test

methods, particularly the non-uniform stress and

strain in a cantilever beam, and the inherent sample-

to-sample variations in SMA properties makes it

difficult to accurately derive bulk properties from

this data; however it is an excellent predictor of the

alloy’s performance as an actuator (Mabe et al.

2006a).

8.5.5 Numerical modeling

The ability to adjust the transition temperature of Ni-

rich NiTi with thermal processing makes it an ideal

SMA for rapid prototyping projects where design and

developmental time is limited or where the anticipated

thermal environment is not well-known or defined. For

conventional near equiatomic Nitinol the transition

temperatures are set by the stoichiometry during billet

production requiring that the actuators thermal spec-

ifications be set very early in a program. The ability to

adjust the transition temperature of a single billet of

Ni-rich NiTi significantly reduces the lead time

required for finalizing thermal designs. This enabled

the rapid development of the VGC for flight test by

maintaining a great deal of flexibility in all aspects of

the VGC thermal design. This unique property of

Flexure #A1 Conditioning March 24, 2005
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Nitinol-60 actuators made it possible to take the flight

actuators and thermomechanically reprocess them and

have an effective static engine test system. Repro-

cessing did not affect the actuator’s fit inside the

limited space of the chevron or the threaded holes used

to connect the flexure actuators to the chevron

substrate.

A Nitinol-60 cantilever beam tip displacement

versus temperature hysteresis loop is shown in Fig. 23.

For this Ni-rich NiTi alloy, the austenite start temper-

atures, defined as the temperature at which the

material begins transitioning from martensite to the

austenite phase, are seen to shift from less than 20 �C

to more than 50 �C due to the variation in thermal

processing methods (i.e., heat treatments). The same

thermal processes applied to the Nitinol-55 produces

only negligible changes in the transition temperatures.

Similar trends have been reported in the literature

(Wojcik 2003).

8.5.6 System considerations

The VGC program went from initial concept through

several design and testing iterations before reaching a

full scale flight test, Fig. 18. The full flight design

included 14 chevrons integrated into the trailing edge

of a GE90-115B thrust reverser’s acoustic panel as

shown in Fig. 18a. The GE90-115B thrust reverser

consists of two primary structural elements, an inner

and outer sleeve. The VGCs are an integral extension

of the carbon composite inner sleeve. The basic design

of the VGC was to embed low profile SMA actuators

within a conventionally shaped chevron, with the same

form factor as current fixed chevrons of interest. The

SMA actuators are mated with the stiff chevron-

shaped substrate forming the functional VGC as

shown in Fig. 24. The chevrons had to be individually

controlled and be able to change their immersion to

produce a variety of configurations. On the finished
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thrust reverser sleeve, the sensor and power wiring

passed through a conduit in the outer sleeve core,

exited into a cavity between the inner and outer sleeve,

and was then routed into the engine’s fan case. The

instrumentation wiring was terminated at a data

system mounted in the fan case, while the power

wiring continued down the wing and into the airplane

cabin. A proportional-integral-derivative control sys-

tem employed strain gages for position feedback and

controlled the input to surface mounted heaters on the

actuators.

8.6 Gas turbine variable area nozzle

The goal of using variable area nozzles for aero gas

turbines has been considered since at least the 1950s,

but practical considerations have limited them to

applications where they are absolutely essential for

engine operability as in super-sonic aircraft. More

recently, they have been announced for the ultrahigh

bypass Geared Turbofan engine (Mecham 2011)

where it is also essential for operability. Gross

performance benefits can be identified in established

sub sonic engines, but the challenge is to recognize a

net benefit when the implementation penalties such as

weight and complexity are taken into consideration.

The basic properties of SMAs offer a very high

energy density, simple actuation, full structural inte-

gration and smooth (flexural) shape change, but at the

start of the project these properties were poorly

controlled and understood, only available in small

sections, and had not been demonstrated for larger

scale high integrity engineering applications. The

project challenge was to move every aspect towards

practicality. Figure 25 shows a simple structure con-

cept of a compound beam composed of an SMA outer

skin attached to a thicker titanium skin. In this figure,

the SMA outer skin is strained up to a maximum strain

of 2 % in tension, which was devised to give a

maximum material usage and ability for rapid cooling.

Because the SMA outer skin is connected to the thicker

titanium skin, this titanium skin experiences a bending

strain of around 0.3 %, which is fully in the elastic

range of this material, so therefore fully recoverable

upon unloading. A typical element is shown in Fig. 25.

Several elements can be optimized and concatenated to

produce a component as in Fig. 26.
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Major challenges were identified to move the

concept towards a practical engineering application

suitable for in-service use. Material size, consistency,

temperature range and characterization were needed.

Component design methods, machining, and joining to

engineering standards and supply chain compatibility

are essential.

8.6.1 Alloy selection

Wires with an equiatomic NiTi composition (e.g.

Nitinol-55) were initially used due to ease of avail-

ability. Well-known composition sensitivity and cast-

ing segregation issues precluded expansion to larger

sheets. Preliminary studies identified slightly Ti-rich

variants as the way forward, although other studies

(Frenzel et al. 2010) have subsequently indicated that

Ni-rich would have been more appropriate. A Ti-rich

NiTi alloy was developed to give a higher Mf and more

homogeneous properties across large sheets. Sensitiv-

ity to exact composition has frequently been reported

as causing severe difficulties in repeatability of

properties, which was not expected with the Ti-rich

NiTi alloy. New processing and characterization

methods advanced this material, but it was only when

fully representative testing was developed and carried

out that drift in the stress plateau caused by accumu-

lated strain and a significant reduction in Mf temper-

ature indicated that a stable target life of 120 000

cycles could not be achieved. Therefore, an alloy

consisting of Ni41Ti50Cu9 (at.%) was selected due to

its low thermal hysteresis, superior functional fatigue

stability, and its potential availability on a commercial

scale as a more attractive alternative to equiatomic

NiTi. This revelation was only possible with the

processing and testing techniques developed during

the initial part of the program. Requiring a sheet which

is stressed predominantly in tension greatly simplified

the characterization and design processes. Isobaric or

Fig. 25 Typical bender element and stressing model

Fig. 26 Sub element of SMA bender structure

Fig. 27 Simulated spring

line and end stop testing of

NiTiCu sample. (Color

figure online)
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isostatic testing is good for preliminary material

selection, but a technique for controlled stress testing

at two levels representing the hot and cold stresses

resulted in major improvements. Progress to a fully

representative spring line test with a high strain end

stop (Fig. 27) achieved very stable operation. Ther-

momechanical pre-processing and cyclic stabilization

of the material in sheets of approximately

450 9 250 9 3 mm was performed before machining

in order to provide stable operation.

8.6.2 Actuator fabrication and processing, numerical

modeling

The main challenges in component fabrication were

around material stabilization and characterization as

described above. Design methods worked through a bi-

stable (hot or cold) beam model executed in a spread

sheet with further optimization by FE methods

(Fig. 25). Other issues followed good engineering

practice for load reaction and the design of low stress

joints. Current experimental components use mechan-

ical fasteners, although brazing of the joint between

NiTiCu and Ti6-4 alloy has been shown to be successful.

8.6.3 Testing and properties

Sub-element testing provided very useful data prior to

production of a full scale nozzle segment which was

subsequently tested in a wind tunnel at the Boeing

Seattle plant (Fig. 28). The very stiff component

performed well over full simulated flight cycles

producing a tip displacement of 29.5 mm, this com-

pares very well with the FE prediction of 30.1 and

31 mm from the spreadsheet model. The high stiffness

is demonstrated by the achievement of less than

0.5 mm deflection under full aerodynamic loading.

8.6.4 System considerations

The use of SMA components in variable area nozzle

design exhibit benefits from the identified gross

performance improvement. The challenge, however,

is to achieve a net benefit once all of the system issues

have been considered whilst maintaining strict safety

standards. These system issues include weight, aero-

dynamics, power, cost, and maintenance.

9 Conclusion

In this article, we have compiled the SMA actuation

design experience to date of CASMART member

organizations. From this collective experience, we

developed a framework of six fundamental design

aspects that may be used to structure the development

of SMA actuation alloys and systems. We overviewed

our experience with these aspects and demonstrated

their application through six case studies. As with all

technology, however, best practices and efficiency in

development cycles are constantly being improved.

Thus we have begun to incorporate this work into a

living wiki (CASMART-DWG 2013) that may be

used to access advancements to the state of the art.

In addition to these efforts toward facilitating SMA

actuator design, CASMART has several other active

efforts aimed at our larger mission of promoting SMA

actuation technology. There is a modeling group that

works to facilitate understanding and adoption of

SMA models, such as those discussed in Sect. 6

(CASMART-MWG 2013). We also have a character-

ization group that is working toward solidifying

standards for SMA actuation testing and properties.

They outlined the foundation upon which these

standards are being built in Sect. 5. The impact of

Fig. 28 Experimental

component testing in wind

tunnel (photo courtesy of

Boeing)
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this work and future efforts is only as comprehensive

and diverse as the contributing members of CA-

SMART. Thus we welcome inquiry and involvement

from others interested in these efforts.

Acknowledgments This work documents many years of

effort from multiple organizations, encompassing support

from numerous programs and funding agencies, and we thank

them all. We also acknowledge CASMART’s member

institutions for their support of our consortium.

References

Achenbach, M., Muller, I.: Simulation of material behavior of

alloys with shape memory. Arch. Mech. 37(6), 573–585

(1985)

Ancker, C.J.J., Goodier, J.N.: Theory of pitch and curvature

corrections for helical spring-I (tension). J. Appl. Mech. 25,

471–479 (1958)

Antico, F.C., Zavattieri, P.D., Hector Jr, L.G., Mance, A.,

Rodgers, W.R., Okonski, D.A.: Adhesion of nickel-tita-

nium shape memory alloy wires to thermoplastic materials:

theory and experiments. Smart Mater. Struct. 21(3),

035022 (2012)

Arghavani, J., Auricchio, F., Naghdabadi, R., Reali, A., Soh-

rabpour, S.: A 3-D phenomenological constitutive model

for shape memory alloys under multiaxial loadings. Int.

J. Plasticity 26(7), 976–991 (2010)

ASTM-F2004-05: Standard Test Method for Transformation

Temperature of Nickel-Titanium Alloys by Thermal Ana-

lysis, F2004-05 (2010)

ASTM-F2082-06: Standard Test Method for Determination of

Transformation Temperature of Nickel-Titanium Shape

Memory Alloys by Bend and Free Recovery. F2082-06

(2010)

Atli, K.C., Karaman, I., Noebe, R.D., Garg, A., Chumlyakov,

Y.I., Kireeva, I.V.: Shape memory characteristics of

Ti49.5Ni25Pd25Sc0.5 high-temperature shape memory alloy

after severe plastic deformation. Acta Mater. 59(12),

4747–4760 (2011)
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