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ABSTRACT

Actuation Fatigue of Shape Memory Alloys. (May 2012)

Christopher Allen Calhoun, B.S., Virginia Polytechnic Institute and State University

Chair of Advisory Committee: Dr. Dimitris C. Lagoudas

A testing method was developed to cycle quickly and repeatably Ni60Ti40 (wt.

%) SMA specimens through temperature-induced transformation while under con-

stant stress until failure. Previous works have shown fatigue cracks to initiate in

or around Ni3Ti precipitates during repeated thermal cycling in this highly Ni-rich

alloy. Actuation fatigue tests were conducted on specimens produced from material

from different material suppliers and direction relative to cold-rolling. The specimens

were placed under a constant applied stress of 200 MPa and thermally cycled through

complete transformation. Some of the specimens were homogenized for 1 hour in a

vacuum furnace and the rest were homogenized for 2 hours in a nitrogen furnace, and

were all aged for 20 hours.

It was seen during actuation fatigue testing that specimens homogenized for two

hours had higher actuation strain, accumulated more irrecoverable strain and had

longer actuation fatigue lives compared to specimens homogenized for one hour. An-

other trend observed was that specimens with the greatest amount of accumulated

irrecoverable strain, which was caused predominately by transformation induced plas-

ticity, had the longest actuation fatigue lives. Postmortem analysis showed a change

in cracking behavior with precipitate orientation. Cracks initiated inside the Ni3Ti

precipitates oriented parallel to the loading direction and at the interface between

the precipitate and matrix when perpendicular. Two dimensional plane stress fi-

nite element simulations of a linear elastic ellipsoidal precipitate inside a non-linear

transforming SMA matrix were conducted to explain further the change in cracking
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behavior by analyzing the stress fields in and around the precipitates. The results

showed the stress inside the precipitate was greater when oriented parallel than per-

pendicular to the loading direction, which explains the observed change in cracking

behavior.

Another objective of actuation fatigue testing is to generate useful data to create

predictive tools for future SMA actuator designs. A work-based method has been

developed using actuation fatigue results found in literature. The method is shown

to fit accurately data found in literature to a curve with only two material parameters.

The results of this method show promise to predict accurately the actuation fatigue

life of SMA components, however more testing is necessary to validate completely the

method.
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CHAPTER I

INTRODUCTION

Shape Memory Alloys (SMAs) have been studied for multiple decades by many re-

searchers with significant published works starting in 1961 by Buehler and coworkers

from the Naval Ordinance Laboratory [1]. SMAs are unique metals capable of un-

dergoing repeated solid-solid phase transformations at relatively low temperatures

between an austenitic and martensitic phase, which can result in large recoverable

inelastic strains. The unique thermo-mechanical response has made SMAs useful for

a wide range of engineering applications, most notably in the biomedical, automo-

tive and aerospace industries. SMAs are used in cardiovascular stents, orthodontic

braces, and dental drills in the biomedical field [2, 3, 4]. These applications usually

take advantage of the pseudoelastic phenomena of SMAs, also known as superelastic-

ity. SMAs undergo stress-induced transformation from the austenitic to martensitic

phase upon loading, and upon unloading transform back into the austenitic phase

under pseudoelastic loading.

In the automotive and aerospace industries, SMAs are being utilized as actuating

materials in actuators with high energy densities [5, 6, 7, 8, 9, 10]. SMAs undergo

temperature-induced transformation while under an applied stress when used as an

actuating material, resulting in large recoverable strains. SMAs have been studied in

a wide range of applications in the automotive industry, and in the aerospace indus-

try, engineers at The Boeing Company have utilized SMAs in a variety of applications

[5, 6, 9, 10]. One example is the successfully designed, built and flight tested Variable

Geometry Chevron (VGC), which utilizes SMAs to morph the shape of the chevrons

The journal model is International Journal of Engineering Science.
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on the aft side of the fan cowling on the engine of a Boeing 777 to change its noise and

efficiency characteristics. This allows for a quiet configuration for take-off/landing,

and a more efficient, though noisier, configuration while the plane is at cruising al-

titude [9]. A similar application, also developed at The Boeing Company, was the

Variable Area Fan Nozzle [10]. This application changed the noise and efficiency

characteristics of an engine by changing the geometry of the exhaust flow structure

by using SMAs to deflect the aerostructure like the VGC.

SMAs show great potential, however, reliability and durability of SMAs needs to

be understood before commercial use. One key aspect in determining their reliability

is understanding effects of repeated transformation on thermo-mechanical response

and integrity of SMAs. Most industries have regulatory agencies to ensure the safety

of new products. The FDA has strict requirements on the fatigue performance in the

biomedical industry, and the FAA requires repeatable and safe operation of actuators

for implementation on an airplane in the aerospace industry. Many studies focused on

effects of repeated transformation and are categorized by loading path, either pseu-

doelastic or actuation, and phenomena being studied, either fatigue life or evolution

of material response. Evolution of the material response, termed functional fatigue,

has been studied by a variety of researchers, and is a critical consideration for design

of new SMA applications [11, 12, 13, 14]. Study of transformation-induced fatigue

life is commonly referred to as structural fatigue. Many works have shown structural

fatigue of SMAs, most of which have focused on pseudoelastic loading paths. Most

studies on structural fatigue have focused on understanding the fundamental material

fatigue response, but few studies have focused on component durability testing [15].

Understanding fundamental material response provides insight into failure mecha-

nisms for future alloy development, as well as generate necessary data to develop a

life prediction method to be used in future design processes.
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A. Literature Review

1. Transformation-induced Fatigue

Fatigue behavior of SMAs was not studied until many years after SMAs had been

developed. The first study on fatigue behavior of SMAs was published in 1978 by

Delaey and co-workers in which CuZnAl specimens were put under cyclic stress until

failure [16]. This was similar to the stress-based fatigue testing being done on con-

ventional metals at the time. Around the same time, Melton and Mercier conducted

similar experiments on a slightly different CuZnAl alloy in 1979 [17]. In 1979, Melton

and Mercier also conducted some of the first work on fatigue behavior of NiTi SMAs

[18]. Fatigue crack growth and pseudoelastic fatigue experiments were conducted on

NiTi wire specimens where the fatigue crack growth rates were comparable with con-

ventional metals. Fatigue life for a specimen tested with a strain amplitude of 5%

had a fatigue life of 1,000 cycles, which is much greater than typically observed 1%

strain amplitude for 1,000 cycles until failure in conventional metals [19].

Many additional researchers studied transformation-induced fatigue behavior of

these unique materials, mainly focusing on pseudoelastic fatigue, as the development

of SMAs, particularly NiTi alloys, showed more promise in engineering applications.

A rotating-bending apparatus has been commonly used to cycle specimens until fail-

ure in most pseudoelastic fatigue studies [20, 21, 22, 23, 24, 25]. An SMA wire is

bent into a desired radius, and the wire is rotated in a rotating-bending experiment,

resulting in a constant-amplitude cyclic strain. This testing method is not widely

used in conventional metals, but serves as a way to apply large strain amplitudes

quickly and consistently to SMA wires at a cycling rate of 100-1000 c.p.m. [23].

Along with the continued study of structural fatigue from these early experi-

ments, there were more recent studies on fatigue crack growth rates in SMAs. McK-
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elvey and Ritchie (2001) conducted experiments to determine ultimate strength and

crack growth behavior of NiTi SMAs in different phases [26]. Uniaxial tensions tests

were conducted to determine ultimate strength of the alloy tested as 4 different tem-

peratures; stable austenite (120o C), pseudoelastic austenite (37o C), and two in

martensite (-65o C and -177o C). Compact tension specimens were cyclicly loaded at

all four temperatures, and crack length was monitored to study fatigue crack growth

rates. Pseudoelastic austenite specimens had the fastest crack growth rates of the

four temperatures studied, followed by stable austenite, and martensite cases had the

slowest crack growth rates. Crack growth rate in both initially austenitic cases, were

strongly dependent on peak stress intensity factors and the change in the stress in-

tensity factors during the cyclic loading. Typically, ductile materials have a stronger

dependence on the change in intensity factor, and brittle materials have a strong

on the peak stress level, so these tests indicate that SMAs respond as a transition

between ductile and brittle materials.

2. Actuation Fatigue of SMAs

There have been many studies focusing on the structural fatigue of SMAs undergoing

pseudoelastic cycling under constant temperature, while only a limited number of

studies have considered thermal cycling. One of the earliest studies on structural

fatigue of SMAs undergoing thermal cycling was conducted by McNichols and Brookes

(1981), which was motivated by potential heat engine applications [27]. SMA wires

were heat set in a helical shape, and thermo-mechanically cycled until failure. Results

were compared with previous work of Mercier and Melton (1979), in which SMA wire

was pseudoelastically cycled [28]. It was shown that the correlation between the

strain amplitude and fatigue life was consistent for both loading paths. There were

two key conclusions from this work: first, a linear log-log relationship between strain
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amplitude and the fatigue life exists under these loading conditions, and second NiTi

can undergo strains an order of magnitude larger for a given number of cycles to

failure when compared to conventional metals. While this work considered thermal

cycling, the specimens still underwent repeated stress-induced transformation.

The first study conducted on fatigue of SMAs undergoing repeated temperature-

induced transformation was done by Bigeon and Morin (1996) [29]. NiTiCu and

CuZnAl wire specimens were thermally cycled through transformation under a con-

stant applied stress until failure while in a silicon oil bath. Initially, the temperature

of the liquid bath was cycled to induce transformation, which proved to be time con-

suming. Specimens were placed in chilled silicon oil maintained below the martensitic

finish temperature to increase cycling rates while an electric current was applied to

heat specimens into the austenitic phase, and removed to allow forced convection to

cool specimens back into the martensite phase. Applied stress used for these experi-

ments ranged from 50 to 800 MPa for the NiTiCu specimen, and from 20 to 200 MPa

for the CuZnAl specimens. A correlation between the applied stress and actuation

fatigue life was observed for each material system. The authors concluded that a

modified version of the Wohler model for life prediction was sufficient for actuation

fatigue, in which the applied stress is correlated with fatigue life rather than stress

amplitude used in conventional fatigue. It is important to note that only complete

actuation, or when the specimens were cycled between a completely austenitic phase

and completely martensitic phase, was considered for this testing.

More recent efforts at Texas A&M have focused on actuation fatigue of NiTiCu

and NiTi SMAs. In the first work at Texas A&M, Miller and co-workers thermally

cycled NiTiCu wire specimens through complete and partial transformation while

under constant stress [30, 31]. Specimens were placed in a circulating ethylene-glycol

environment maintained below the martensitic finish temperature. Specimens were
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heated by applying a DC current, and cooled by removing the current to allow forced

convection. One main objective of this testing was to observe effects of heat treatment

on actuation fatigue life. As such, specimens with different heat treatments were

cycled through complete actuation. Another objective of this work was to observe the

effect of partial transformation on the actuation fatigue life. All specimens underwent

the same heat treatment for this phase of testing. Two stress levels were used, and

ten specimens were tested at each stress level with varying levels of actuation strain.

Amount of actuation was controlled by adjusting the heating and cooling time of

the specimens. Actuation fatigue life was shown to have a strong correlation with

applied stress level under thermal cycling when amount of actuation is kept constant,

as was seen by Bigeon and Morin (1996) [29]. Analysis of partial transformation

showed a correlation between the actuation strain amplitude and actuation fatigue

life for each applied stress. A correlation between accumulated irrecoverable strain

at failure and actuation fatigue life was observed, and fit to a reformulated version

of the Mason-Coffin Law. Typically, the Manson-Coffin relation is used between the

plastic strain accumulation rate (per cycle), and fatigue life, where as Lagoudas et.

al (2009) compared total irrecoverable strain and fatigue life [31].

Bertacchini and coworkers analyzed the effects of corrosion on the fatigue life of

SMA wires made of the same NiTiCu composition used by Lagoudas et. al (2009)

but with a slightly different heat treatment in a follow up study [31, 32, 33]. NiTiCu

wire specimens were placed in a chilled ethylene-glycol solution while under constant

stress, and thermally cycled. The specimens were heated by applying direct electrical

current running through the specimen, and cooled through forced convention. Tests

where conducted at full and partial actuation strain, which was defined as cycling from

25% and 75% of full actuation. The combination of current and the ethylene-glycol

solution caused corrosion on the specimen surface as a brittle oxide layer formed on
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the specimen, and cracks formed due to the incompatibility of the thermo-mechanical

response of the non-transforming oxide layer and transforming core of the wire. Re-

sults showed a strong correlation between irrecoverable strain at failure and actuation

fatigue life as was observed by Lagoudas et. al (2009).

Schick (2009) conducted the first study of the actuation fatigue of specimens

produced from plate material at Texas A&M [34]. In this work, flat-sheet fatigue

specimens were machined from Ni60Ti40 (wt. %) plate using electro-discharge ma-

chining (EDM), which left a recast layer on the surface of the specimens. This material

has been shown to be an effective actuating material in the VGC, and is why it was

chosen for this study [9]. This material is known for its high volume fraction of Ni-

rich precipitates, namely Ni3Ti and Ni4Ti3, which improve the dimensional stability

of this alloy. The specimens were thermally cycled through complete transformation

while under constant applied stress. Resistive Joule heating was applied and removed

while the specimens were in a chilled environment to thermally cycle specimens as

was done in previous studies. Three different circulating fluid environments were

utilized, which were ethylene-glycol solution, gaseous nitrogen and chilled air. The

testing apparatus that had an ethylene-glycol solution environment was the same

testing set-up used in Bertachinni et. al (2009) [33]. A new test apparatus was built

which had a gaseous nitrogen test environment, which was chilled by injecting liquid

nitrogen into the testing environment. The liquid nitrogen would evaporate and chill

the test chamber to below freezing temperatures. Using gaseous nitrogen proved to

be expensive and time consuming to maintain, so the chilled air environment was

developed. Dry, filtered, and compressed air was run through a vortex tubes, which

injected the test chamber with a continuous stream of chilled air. Results showed

that the recast layer left by the machining process shortened actuation fatigue life. It

was also seen that the ethylene-glycol environment combined with resistive heating
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was corrosive and in turn shortened actuation fatigue life of specimens. Experiments

in which specimens were in gaseous nitrogen and chilled air environments resulted in

comparable fatigue lives, with no indication of corrosion. It was observed that cracks

initiated in or around the location of Ni3Ti precipitates, which is likely caused by

incompatibility of the thermo-mechanical response between a non-transforming pre-

cipitate and transforming matrix, from postmortem analysis. Another observation

from the work of Schick, was large amount of scatter in fatigue life results, which

could be caused by the size of the specimens [34].

In the work of Ramaiah et. al (2009), actuation fatigue tests were conducted on

NiTi wire specimens [35]. Specimens were placed under constant stress, and thermally

cycled using resistive heating achieve transformation into the austenitic phase and

removed to allow convection to cool specimens back into the martensitic phase. This

study focused on the cracking behavior in the SMA wires. It was observed that there

was periodic cylindrical cracking, similar to that observed by Bertachinni (2009),

but without a corrosion layer [33]. It was concluded that cracks initiated in the

center of the wires undergoing actuation cycling, however, there was no preferred

crack initiation location in isothermal fatigue tests. This is believed to be caused by

thermal gradients that are present in actuation loading and not in isothermal tests.

It was also concluded that combination of cracks and resistive heating can cause large

thermal gradients accelerating the growth of cracks, despite what had been previously

observed by Bigeon and Morin (1996) [29].

B. Outline and Objectives

Actuation fatigue tests were conducted on Ni60Ti40 (wt. %) in a follow up effort to

Schick (2009) [34]. The prior study by Schick (2009) showed large scatter in fatigue
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life, so new testing frames were built to thermo-mechanically cycle larger specimens

in an effort to reduce the scatter in the actuation fatigue life [34]. Specimens were

placed under constant stress while in a circulating chilled air environment. An AC

current was passed through the specimens to heat into the austenitic phase, and

removed to allow the specimens to cool into the martensitic phase. The geometric

ratios on the specimens were kept constant, but with dimensions doubled, resulting

in specimens that were 50-100 grains thick. Schick (2009) also showed cracking to

initiate in or around Ni3Ti precipitates. Tests were conducted with varying orien-

tations of precipitates relative to loading to further understand effects of precipitate

orientation. Two different heat treatments were used on the specimens, to see the

effect of homogenization time on the actuation fatigue response.

In Chapter II, the testing method is presented. The chapter begins with the

design and explanation of the testing apparatus. The specimen geometry is also

presented, with justification of the selection process. The testing method was verified

using infrared imaging, and results are shown. A complete specimen list is presented,

and details heat treatment and origin of all specimens. Chapter II concludes with

a microstructural description of each of specimen groups. Optical micrographs were

used to characterize the specimens into three groups, which where uniformly parallel,

parallel with variation and perpendicular with variation, based on the orientation of

the Ni3Ti precipitates relative to the loading direction.

In Chapter III, the results from the testing described in the previous chapter

are presented. Accumulation of irrecoverable strain is shown to drastically effect

the actuation fatigue life. It was observed that irrecoverable strain was greatest in

specimens with longest fatigue lives, and lowest in specimens with shortest fatigue

lives. The specimens which had two hours of homogenization heat treatment at 850o

C had longer fatigue lives, with higher actuations strain and amount of irrecover-
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able strain. It was also seen that the actuation fatigue life was dependent on the

precipitate orientation. The results showed that specimens with precipitates oriented

uniformly parallel to the loading direction underwent the greatest number of cycles to

failure, and specimens with precipitates perpendicular with variation underwent the

fewest. Postmortem analysis showed a change in cracking behavior with the precip-

itate orientations. Cracking initiated inside the Ni3Ti precipitates oriented parallel

to loading and at the interface between the transforming matrix and precipitates

oriented perpendicular to loading.

Numerical simulations of an elastic precipitate inside a transforming matrix were

conducted to further explain the change in cracking behavior. A two dimensional unit

cell was developed with four Ni3Ti precipitates uniformly distributed, and utilizing

symmetry of the unit cell a boundary value problem was defined to reflect the loading

of the actuation fatigue specimens. The plane stress boundary value problem solved

is described in detail in Chapter IV. Results showed that the Von Mises stress inside

precipitates is much greater when precipitates are oriented parallel to loading.

A life prediction method is developed for actuation fatigue in Chapter V. Using

results of previous studies, Schick (2009), Lagoudas et. al (2009) and Bertacchinni

et. al (2009) the method is verified [31, 33, 34]. Results presented in Lagoudas et. al

(2009) is used to show that the work-based method reduces to a strain-based method

for experiments with one applied stress level [31]. Results presented in Bertacchinni

et. al (2009) is used to show that the work-based method reduces to the Wohler

model used in Bigeon and Morin (1996) in experiments with one actuation strain level

[33, 29]. Trial predictions are also conducted using results presented in Lagoudas et.

al (2009) [31]. Actuation fatigue test results from one stress level with different levels

of actuation are used to predict tests conducted at another stress level.

The conclusions from this work are presented, along with some proposed future
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work in Chapter VI.
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CHAPTER II

ACTUATION FATIGUE TEST METHOD

The current test method was developed as a continuation of previous works at Texas

A&M University [31, 30, 32, 33, 34]. Two prior studies, Bertacchinni et. al (2009)

and Miller (2000) developed methods for thermally cycling wire specimens through

transformation while under constant stress until failure [30, 33]. In a follow up study

by Schick (2009), the testing method was expanded to incorporate flat sheet fatigue

specimens that were larger than previously studied SMA wires [34]. Small specimen

size, as specimens were only 25-50 grains thick, resulted in significant scatter was seen

in fatigue life data. To this end, a testing method was developed to thermally cycle

larger specimens through complete transformation.

Specimens were placed under constant stress in a chilled air environment in the

current study, while Joule heating was applied to heat the specimens above austenitic

finish temperature, and removed to allow the specimen to cool below martensitic

finish temperature. Specimens were cycled until complete rupture. A schematic

of the desired load path drawn on a phase diagram and the corresponding strain-

temperature response are shown in Fig. 1. Specimens were held under constant stress

through temperature-induced transformation to be consistent with previous works

and to avoid added complexities of testing. Though, SMAs undergo a varying stress

through temperature-induced transformation in many actuator applications.

A. Specimens

The specimen geometry was chosen based of Schick (2009), which was the first actu-

ation fatigue tests [34]. The specimen geometry presented in Schick (2009) and the

current work is similar to commonly used flat-sheet fatigue specimens from conven-
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Fig. 1. Schematic of actuation fatigue loading on the phase diagram, shown by dashed

line

tional fatigue experiments, which is described in ASTM standard E606-04 with elon-

gated gauge to increase accuracy of strain measurements, and reduced cross-sectional

area to accelerate cycling rates [36]. Specimens were produced using electro-discharge

machining (EDM). All specimens were heat treated, polished and tested.

1. Specimen Geometry

Flat-sheet fatigue specimens with the cross section of 0.51 mm by 1.01 mm were tested

in the work of Schick (2009) and large scatter was observed in fatigue life data [34].

One possible explanation is size of specimens, as specimen thickness was only between

25 and 50 times grain size. For the current study, the same specimen geometry was

chosen, but with all dimensions approximately doubled resulting in a cross section of

1 mm by 2.1 mm. Specimens were 50-100 grains thick and 100-200 grains wide along

the test gauge. Fig. 2 shows a specimen drawing with dimensions.
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25.4 mm 63.5 mm 25.4 mm 1 mm 

R=12.7 mm 
2.1 mm 

4.8 mm 

12.7 mm 

Fig. 2. Flat sheet fatigue specimen dimensions used in current study

2. Specimen Preparation

Specimens were produced from quarter or half inch thick cold-rolled Ni60Ti40 (wt.

%) plate using EDM, which left a recast layer on the surface of the the specimens.

Internal stresses in raw material was removed by heating the raw material to 850o

C in an air furnace and cooled in the furnace prior to machining. Material can shift

during cutting and result in misshaped specimens, without removing internal stresses.

The profile of the specimen was then cut out of plates, then specimens were cut to

desired thickness. Upon completion of machining, specimens were heat treated, which

was comprised of a homogenization and aging treatment. After heat treatment, the

recast layer left by EDM was then removed using rotary grinding. The recast layer

on the thinnest sides of the specimens, was removed using a 3/8 inch aluminum oxide

grinding stone on a variable speed Dremmel. Sides were then polished using a 3/32

inch, 400-grit rubber polishing bob. Specimens were put into a holder to prevent any

bending of specimens during preparation of thin sides while each side of the specimen

was run along grinding/polishing heads with little force normal to the faces. An

image of specimen polishing holder is shown in Fig. 3. A continuous spray of water

was applied during polishing and grinding of sides to prevent specimens from heating.

Specimens were mounted into a custom built specimen holder to grind and pol-

ish the widest faces. The recast layer was ground off using a wet grinding wheel,
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Fig. 3. Image of a specimen in the holder used to polish the thinnest sides of the

specimen

starting with 400 grit grinding paper then 1200 grit, and finally 2000 grit. An image

a specimen holder used to hold the specimen flat during grinding and polishing of

the widest sides is shown in Fig. 4. The specimens were held in the holder using

Fig. 4. Image of an unpolished specimen in the holder used to hold specimen flat

during grinding and polishing of widest faces

double sided tape, which was removed after polishing using denatured alcohol. After

the grinding was completed, the surfaces were polished using a polishing disk and

solution. The polishing solution was initially a suspension of 5 µm aluminum oxide

particles, followed by a suspension of 0.3 µm aluminum oxide particles for roughly

four minutes per solution and face. All specimens had a mirror finish on widest sides

upon completion. Grinding and polishing removed the recast layer as well as the heat
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affected zone left by EDM, resulting in the removal of at least 70 µm from each side,

and surface scratches that would shorten the actuation fatigue life. Micrographs were

taken of the surface finish to verify there were no cracks, scratches or remnants of the

recast layer and to observe the Ni3Ti precipitates after the specimens were polished.

B. Test Apparatuses

Four actuation fatigue apparatuses were constructed to quickly and repeatedly cycle

specimens through temperature-induced transformation for the current testing. Test

apparatuses were similar to those used by Schick (2009), with some modifications that

were necessary to account for the increased specimen dimensions [34]. Specimens were

placed in a chilled environment, maintained below martensitic finish temperature,

with a suspended weight attached to apply constant stress, as was done in previous

studies [29, 31, 30, 33, 32, 34]. An alternating current was applied to heat the specimen

into the austenitic phase, and removed to allow the specimen to convectively cool into

the martensitic phase.

Four load frames were constructed out of 1” square steel bars to support the

specimen and the weight during each test. The specimens were oriented vertically in

the current study, rather than horizontally, as had been done with previous studies

in order to insure proper alignment of the specimens [31, 32, 34]. A test chamber

that enclosed the specimen was constructed using a rapid prototype machine, while

allowing for a suspended weight to be attached. An image of a test apparatus, showing

the frame and the test chamber, is shown in Fig. 5.

A constant flow of dry filtered compressed air was supplied through a vortex

tube, which injected a stream of chilled air into the test chamber to maintain a cir-

culating chilled environment around the specimen. The circulating environment was
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Fig. 5. Testing apparatus used for actuation fatigue testing

maintained between -8 oC and -15 oC, which was well below the martensitic finish

temperature for the material being tested. An alternating potential, between 1 and 3

V AC at 60 Hz, was placed across specimens and removed to allow specimens to con-

vectively cool. A fixed-ratio transformer was used to drop the voltage from a variable

transformer to the desired range, which allowed for a low voltage and high current

circuit through the specimen. Voltage was varied by adjusting the variable trans-

former to achieve optimal heating time without overheating each specimen. Heating

took 2-5 sec, depending on the voltage, and cooling phase took 40-60 sec.

Cross sectional area was measured prior to testing at three points along the test

gauge (near each end and in the middle) using a micrometer with +/- 0.0254 mm

resolution in order to calculate the weight necessary to achieve the desired stress

in the specimen. Desired weight was calculated, using the smallest measured cross

sectional area along the test gauge, as was done in previous work [34]. A calibrated

load cell was used to measure the weight, which was comprised of a weight container,
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weight plates and lead beads to accurately achieve the desired weight.

Each specimen was then gripped with pinch grips, which had sharp grooves at

the interface with the specimen to create a high friction interaction to prevent any

slipping during testing. A custom holder was built using a rapid prototype machine

that aligned holes in the gripping section of specimen with holes in the grips to ensure

proper alignment and uniform spacing between the grips in all tests. An image of a

gripped specimen inside the holder used to attach grips is shown in Fig. 6.

Fig. 6. Image of a gripped specimen in holder used to ensure proper grip alignment

After each specimen was mounted in grips, custom attachment braces were fas-

tened between grips to prevent bending of the specimen during attachment of wire

leads and placement in the test chamber. Electrical leads, LVDT extension arm

and mounting hardware, which was comprised of shackles, threaded ring and nylon

loops, were attached after reinforcement braces were mounted. Electrical leads were

attached using a nut and bolt with a locking washer to prevent the leads from loos-

ening during testing through the hole in the gripping section specimen and grips.

Specimens were then suspended from a load frame inside the test chamber. An im-

age of a gripped and suspended specimen with electrical leads and support braces

attached is shown in Fig. 7.

Once a specimen was mounted in the test chamber, a small weight, 1-3 lb., was

suspended from the specimen to maintain tension and alignment. The test chamber
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Fig. 7. Image of a suspended specimen with attachment braces fastened to the grips

just prior to closing of test chamber and loading

was then closed and the chilled dry air was supplied to the test chamber. The test

chamber was allowed to stabilize for at least twenty minutes prior to application of

the remainder of the weight..

Displacement of the grip attached to the suspended weight, or bottom grip, was

measured using a high precision LVDT mounted outside the test chamber to monitor

evolution of strain throughout testing, as shown in Fig. 8. An extension arm that

extended outside the chamber to the LVDT was mounted to the the bottom grip, as

shown in Fig. 8. Keeping the LVDT outside the test chamber prevented temperature

from affecting the measurement. This non-contact method was used, rather than an

traditional extensometer, because an extensometer blade would cause a local hotspot

during thermal cycling, which in turn would affect the actuation fatigue life of the

specimen.

National Instruments LabView was used to control the heating and cooling and

record the displacement data during the experiments. A LabView VI program was
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Fig. 8. Test chamber configuration, (a) shows a specimen in the test chamber (b) shows

the LVDT mounted to the back of the chamber and (c) shows the extension

that connects the bottom grip to the LVDT

written, in which heating and cooling times were inputed for control throughout

testing. Heating time was determined for each test by measuring the time it took

for material in test gauge to transform from the martensitic phase into the austenitic

phase. Applying electrical current resulted in contraction due to temperature-induced

transformation and displacement would stabilize, indicating transformation was com-

pleted, before significant effects of thermal expansion occurred. Cooling time was

set for each test by measuring the time it took for displacement to stabilize in the

martensitic phase after heating completed. The LabView program recorded displace-

ment when the specimen was in the austenitic phase, and again in the martensitic

phase. Using displacement from the first cycle in the austenitic phase as a refer-

ence point, strain was calculated by dividing the change by initial gauge length. The

LabView program also recorded temperature inside the test chamber to verify the

chamber was maintained below martensite finish temperature.
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C. Loading Verification

Infrared imaging and thermocouples where used during preliminary thermal cycling

to verify that desired temperatures were achieved and temperature profile was uni-

form along test gauge during heating and cooling. It was determined that specimens

underwent complete transformation with a uniform temperature distribution along,

and that strain measurement was accurate when compared to an extensometer.

1. Verfication with Infrared Camera

The first part of verification was to ensure specimens were uniformly heated and

cooled, with the entire test gauge cycling through complete transformation. To this

end, an infrared (IR) camera was used to observe temperature profile along the test

gauge during thermal cycling. Fig. 9 shows images captured using the IR camera,

as well as an optical picture of a specimen inside the test chamber for reference.

The plexiglass window on the test chamber was replaced with a IR transmitting

window in order to accurately capture temperature profile with the IR camera and

maintain a closed test chamber environment. The IR camera was calibrated using a

thermocouple attached to a specimen and adjusting the emissivity, to account for the

IR transmitting window in the IR camera software, until the temperature readings

matched between the IR camera and thermocouple.

Temperature appears to be relatively uniform along the test gage in both the

austenitic and martensitic phase in Fig. 9. Distribution of temperature along the

centerline of a specimen was compared with the austenitic and martensitic finish tem-

peratures to quantify results. Fig. 10 shows temperature distribution along the center

of the specimen after heating completed, when the specimen was in the austenitic

phase and when the specimen had cooled into the martensitic phase as well as the
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(a) (b) (c) 

Fig. 9. Test Chamber, (a) IR picture of a specimen just prior application of electrical

current, and (b) immediately after current was removed along with (c) and

optical image of a specimen in the test chamber

transformation temperatures.

It can be seen that the material in the test gauge was completely below the

martensitic finish temperature just prior to the application of the electrical current

and above the austenitic finish temperature just after removal of the electrical current,

and that the temperature profiles were relatively uniform along the test gauge. From

a comparison of temperature profile in every image taken during cycling, it was seen

that the highest variation occurred just after removal of the current, which is shown

in Fig. 10. The difference between the hottest and coolest point along the test gauge

was no more than 20o C and occurred just after the alternating current was removed.

2. Verification of Strain Measurement

A specimen was thermally cycled on an MTS frame until the thermo-mechanical

response stabilized, and strain-temperature response at 200 MPa was observed using



23

-‐20	  

0	  

20	  

40	  

60	  

80	  

100	  

120	  

140	  

0	   10	   20	   30	   40	   50	   60	  

Te
m
pe

ra
tu
re
,	  o
C	  

Posi0on	  along	  center	  line	  of	  test	  gauge,	  mm	  

Hot	  

Cold	  

Af	  

AS	  

Ms	  

Mf	  

Fig. 10. Plot of the temperature distribution along test gage of a specimen, just prior

to and just after application of electrical current compared to critical trans-

formation temperatures at 200 MPa

an environmental chamber and an extensometer for the measurement. The specimen

was then placed in the actuation fatigue test apparatus and thermally cycled while

under 200 MPa applied stress. Actuation strain was compared between the two

different frames, and it was seen actuation strain was measured to be 1.3 % on both

experimental setups. It was concluded that measuring strain using an LVDT with

the current specimen geometry was comparable to an extensometer by comparing the

magnitude of actuation strain.

D. Material Selection and Test Matrix

Actuation fatigue tests were conducted on Ni60Ti40 (wt. %) specimens at 200 MPa

to compare the fatigue lives of specimens produced from bulk material from different

material suppliers and cutting directions relative to the rolling direction. Ni60Ti40

(wt. %) has been shown to be useful in actuation applications, and was used in the

previous work by Schick (2009) [9, 34]. Specimens were produced from bulk material
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using EDM, and then heat treated, which consisted of homogenization and aging.

Specimens were homogenized at 850o C for 1 hour in a vacuum and furnaced cooled

(heat treatment a) or at 850o C for 2 hours in an N2 environment and furnace cooled

(heat treatment b). All specimens were aged at 450o C for 20 hours in an air furnace

with a water quench. The resulting transformation temperatures as measured in a

previous study with heat treatment a on the same alloy were Mf=20o C, Ms=24o C,

As= 48 o C, and Af= 59o C [34]. The previously measured transformation temper-

atures are not consistent with all of the specimens in the current study, but provide

approximate values that were used for the design of the testing system. Specimen list

showing specimen groups and heat treatments are shown in Table I.

Table I. Specimen list for actuation fatigue testing conducted at 200 MPa

Specimen group/

heat treatment

Number of

specimens
Material description

1a 1

1
2
” plate cut 90o to rolling direction

of plate

2a 3 1
4
” plate (material used in VGC)

2b 2 1
4
” plate (material used in VGC)

3a 2

1
2
” plate cut parallel to rolling direc-

tion of plate

3b 2

1
2
” plate cut parallel to rolling direc-

tion of plate

4b 2

1
2
” plate cut parallel to rolling direc-

tion of plate, through the thickness
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E. Precipitate Orientation

The microstructure of each specimen was analyzed using an optical microscope after

machining, heat treatment, grinding, and polishing. The focus was to ensure polish-

ing resulted in smooth surfaces on the specimens and to observe orientation of the

Ni3Ti precipitates, which were shown to be the location crack initiation in previous

studies [32, 34]. Ni3Ti precipitates were observed to be ellipsoidal, with varying sizes,

aspect ratios that ranged from 1 to greater than 10, and orientations within speci-

mens from micrographs. Microstructure of each specimen was characterized into one

of three categories by orientation of the long axis of ellipsoidal Ni3Ti precipitates:

parallel, parallel with variation and perpendicular with variation relative the loading

direction. Micrographs taken of surfaces from each group and heat treatment are

shown in Figs. 11-15.

A micrograph captured prior to testing of a surface of the specimen in group 1a

is shown in Fig. 11. It is seen that Ni3Ti precipitates were mostly oriented within

100 µm 

Loading  
Direction 

Ni3Ti 
Precipitates 

Fig. 11. Micrograph from a specimen in group 1a showing precipitate orientation per-

pendicular with variation to the loading direction

45o of perperdicular to the loading direction, so this specimen was grouped into the

category of perpendicular with variation. The ellipsoidal precipitates on the surface
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of the specimen had a major axis as long as 100 µm.

Specimens in group 2a had a similar orientation to that observed in group 1a,

but Ni3Ti precipitates were smaller. Fig. 12 shows a micrograph of the surface of a

specimen from group 2a prior to testing. In the image, is it observed that precipitates

100 µm 

Loading  
Direction 

Fig. 12. Micrograph from a specimen in group 2a showing precipitate orientation per-

pendicular with variation to the loading direction

were oriented more than 45o from the loading direction. The maximum length of the

major axis of the ellipsoidal precipitates was observed to be less than 70 µm.

The specimens from the same group but with the additional hour of homoge-

nization, had precipitates oriented differently relative to the loading direction of the

specimen. An image taken of the surface of a specimen from group 2b is shown

in Fig. 13. From the image, it is observed that precipitates were nearly completely

oriented within 45o of loading, and mostly within 30o of the loading direction. The

length of the major axis of the ellipsoidal precipitates was as large as 100 µm.

Specimens in group 3a had a precipitates oriented similarly to specimens in

group 2b. An image of the surface of an untested specimen is shown in Fig. 14. The

precipitates were mostly aligned within 45o of the loading direction. Precipitates were

observed to be as long as 100 µm. It was not possible to take an image of the surface
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100 µm 
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Fig. 13. Micrograph of a specimen from group 2b showing precipitate orientation par-

allel with variation to the loading direction

of a specimen from group 3b, due to a broken lens. However, the microscope was still

functional, so microstructure was analyzed without a digital image. Analysis showed

that precipitates were oriented within 45o of loading, and were as large as 100 µm.

The specimens with the most uniform precipitate orientation were in group 4b.

An image of the microstructure is shown in Fig. 15. From the image, it is seen that

precipitates were all uniformly aligned with loading. Precipitates were all smaller than

70 µm along the major axis, and had a range of aspect ratios from nearly circular

to almost cylindrical. Precipitate orientation of this group was very similar to that

observed in specimens tested by Schick (2009) [34].

A few observations can be made from a comparison of all of the microstructures

from all of the specimen groups. The maximum length of the major axis on the ellip-

soidal precipitates ranged from 70 to 100 µm. Most Ni3Ti precipitates were observed

to be ellipsoidal in shape with high aspect ratios. Orientation of these precipitates

varied amongst specimens but was consistent within each specimen group, and no

clear determination can be made if orientation depended on the initial cold rolling

or if the orientation changed with the homogenization time. Specimens in group 2
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Fig. 14. Micrograph from a specimen in group 3a showing precipitate orientation par-

allel with variation to the loading direction

had different orientations between the two different homogenization heat treatments,

but specimens in group 3 had the same orientation between the homogenization heat

treatments.
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Fig. 15. Micrograph from a specimen in group 4b showing precipitate orientation uni-

formly parallel to the loading direction
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CHAPTER III

TESTING RESULTS

After testing completed, the results and specimens were analyzed. Evolution of strain

through thermal cycling was analyzed and was found to depend on the homogeniza-

tion time and precipitate orientation. Actuation fatigue lives were compared amongst

the specimen groups previously described and found to increase with homogenization

time, and depend on precipitate orientation. Postmortem analysis of specimen sur-

faces showed cracking behavior in and around the Ni3Ti precipitates varied with

orientation relative to loading.

A. Strain Evolution

The position of the bottom grip was recorded when the material in the test gauge was

in the austenitic and martensitic phase during each cycle, as previously described in

Chapter III. Strain when the specimen was in the austenitic and martensitic phase

was calculated for each cycle, as well as the actuation strain, which was defined as

the difference between the strain in austenite and martensite for each cycle. Plots

of the evolution of the three strains through the life of a specimen from each group

are shown in Figs. 16-20. The first result presented in Fig. 16 the evolution of a

specimen from group 2a, which had been homogenized for 1 hour. The specimen

shown failed after 5,592 cycles. The actuation strain was 1.1%, and had a total of

1.6% irrecoverable strain at failure.

The next result shown is from a specimen from the same group, but underwent

an 2 hours of homogenization in a nitrogen environment rather than 1 hour in a

vacuum. Fig 17 shows the strain evolution from a specimen in group 2b. The specimen

shown from group 2b failed after 10,375 cycles. The actuation strain was constant
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Fig. 16. Strain evolution showing the strain in martensite (black), strain in austen-

ite (gray), and actuation strain (dashed) for representative specimens for a

specimen from group 2a
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Fig. 17. Strain evolution showing the strain in martensite (black), strain in austen-

ite (gray), and actuation strain (dashed) for representative specimens for a

specimen from group 2b
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throughout the life at 1.1%, and had a total of 2.8% irrecoverable strain at failure.

Results from a specimen in group 3 that underwent homogenization in a vacuum

for one hour (group a) is shown in Fig. 18. The specimen shown from group 3a
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Fig. 18. Strain evolution showing the strain in martensite (black), strain in austen-

ite (gray), and actuation strain (dashed) for representative specimens for a

specimen from group 3a

failed after 12,871 cycles. The actuation strain was constant throughout testing at

0.7%, and had a total of 2.2% irrecoverable strain at failure. The irrecoverable strain

accumulated quickly in the initial cycles then stabilized and then grew slowly.

The next result shown is from a specimen in group 3 that underwent two hours

of homogenization in a nitrogen atmosphere. Fig. 19 shows an evolution of the strain

of a specimen from group 3b. The specimen shown from group 3b failed after 45,038

cycles. The actuation strain was had an actuation strain was 0.9%, and had a total

of 3.7% irrecoverable strain at failure. In this experiment, the irrecoverable strain

accumulated quickly and eventually stabilized without accumulating any additional

irrecoverable strain after approximately 25% of the life.

The final strain evolution result presented is from a specimen in group 4 that

underwent two hours of homogenization in a nitrogen atmosphere. The specimen

shown from group 4b failed after 21,264 actuation cycles. The actuation strain was
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Fig. 19. Strain evolution showing the strain in martensite (black), strain in austen-

ite (gray), and actuation strain (dashed) for representative specimens for a

specimen from group 3b
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Fig. 20. Strain evolution showing the strain in martensite (black), strain in austen-

ite (gray), and actuation strain (dashed) for representative specimens for a

specimen from group 4b
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1.1% throughout the life of the specimen and had 3.4% irrecoverable strain at failure.

From Figs. 16-20 a general trend of specimens with increased irrecoverable strain

resulted in increased actuation fatigue life. The irrecoverable strain evolution is plot-

ted on one graph and shown in Fig. 21 to illustrate this trend. The plot shows that

0.000 

0.005 

0.010 

0.015 

0.020 

0.025 

0.030 

0.035 

0.040 

0 10,000 20,000 30,000 40,000 50,000 

St
ra

in
 

Cycle 

4b	  
2a	  
2b	  
3b	  
3a	  

Fig. 21. Irrecoverable strain evolution for specimens from each of the specimen groups.

the specimens that stabilized at the highest level of irrecoverable strain underwent

the greatest number of cycles to failure. Irrecoverable strain is the result of retained

martensite, damage and transformation-induced plasticity in general. This stabiliza-

tion was relatively early in the life of the specimens, usually within 5-10% of the

total number of transformation cycles, so damage accumulation does not account for

a significant part of the irrecoverable strain. Generation of retained martensite does

not cause irrecoverable strain, as this would likely cause a change in the actuation

strain through cycling, and the actuation strain was observed to remain constant

through actuation cycling. As such, stabilized irrecoverable strain is predominantly

comprised of transformation induced plasticity. Plasticity served as a mechanism to

reduce the local stress concentrations by generating a residual stress field, and local

stress concentrations decreased as irrecoverable strain increased. The reduction in

localized stress concentrations and the stress amplitudes through repeated transfor-
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mation resulted in longer fatigue lives, as cracks are less likely to occur when the stress

is reduced. It is also seen that specimens with increased homogenization time accu-

mulated more irrecoverable strain through cycling, which in turn increased actuation

fatigue life through the same mechanism.

B. Actuation Fatigue Life Results

The number of cycles to failure for each of the specimen groups described in Chapter

III were averaged and are presented in Table II. Strain evolution data was lost due to

Table II. Comparison of actuation fatigue life for each specimen group tested at 200

MPa

Specimen Number of Average number of Actuation

group specimens cycles to failure strain

1a 1 4,959 -

2a 3 6,100 1.1%

2b 2 9,200 1.25%

3a 2 13,700 0.8%

3b 2 40,600 0.9%

4b 2 27,200 1.1%

grounding issues with the LVDT and also a current spike in the LVDT that resulted

in corrupted readings, as was the case in the specimen from group 1a, one of the

specimens in group 2a, 3a, 3b, and 4b. The inaccurate readings from the LVDT

reading affected the strain data, but did not affect the actuation fatigue life of the

specimens. Response of the specimens was monitored at least twice a day to ensure

the specimens were undergoing complete transformation without any over heating for
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all of the tests performed. It is concluded that material processing has a significant

result on the actuation fatigue life and actuation strain behavior based off the results

in Table II. It is seen that specimens that underwent 2 hours of homogenization

underwent more transformation cycles before failure than specimens homogenized

in a vacuum for only one hour from a comparison of the results in groups 2 and

3. The additional hour of homogenization increased fatigue life of the specimens by

roughly 30%, and also increased actuation strain in specimen group 2. Similarly, the

additional hour of homogenization increased fatigue life of the specimens in group

3, but in this case by a factor of almost 3, and increased actuation strain by 12.5%.

Increased actuation strain combined with the longer fatigue life, makes two hour

homogenization more desirable for fatigue life performance as more work is being

done per cycle. The additional hour of the homogenization at 850o C causes a change

in response of the material in both the transformation behavior and its ability to

resist crack initiation and growth, rather than the environment, as the difference in

the environment would affect mainly the surface of the specimens, which was removed

during polishing and grinding.

1. Effects of Precipitate Orientation

A comparison of the different precipitate orientation groups was conducted to observe

a change. Table III shows average fatigue life at 200 MPa of the three different

precipitate orientation groups previously described catagorized by homogenization

time.

It can be seen that the precipitate orientation relative to the loading direction

has a drastic effect on fatigue life. It is seen that specimens with precipitates oriented

parallel with variation to the loading direction had longer fatigue lives than specimens

with precipitates oriented perpendicular to the loading direction by comparing the
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Table III. Comparison of average actuation fatigue life for various specimen sets with

the precipitate orientation with respect to the loading direction

Precipitate orientation with Heat Number of Number of cycles

respect to loading direction treatment specimens to failure (Avg.)

Perpendicular with angulation a 4 6,100

Parallel with angulation a 2 13,700

Parallel with angulation b 4 25,900

Parallel b 2 27,200

results of specimens that underwent 1 hour of homogenization. It is seen that variation

in the precipitate orientations does not have a drastic effect by comparing results of

the specimens that underwent 2 hours of homogenization.

C. Postmortem Micrographs

After testing was completed, micrographs were taken of specimen surfaces to observe

cracking. The first micrograph presented shows the postmortem surface of a specimen

with precipitates uniformly oriented parallel to the loading. An image taken near the

fracture surface of a specimen in group 4b is shown in Fig. 22.

Approximately 50 auxiliary cracks that did not cause ultimate failure are ob-

served, all of which are in contact with at least one Ni3Ti precipitate in the image.

Most cracks are through Ni3Ti precipitates, with little evidence of cracking starting

at the interface between precipitates and matrix material.

Specimens with precipitates oriented parallel to the loading direction with vari-

ation showed a different cracking behavior. A micrograph taken near fracture surface
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Fig. 22. Micrograph of postmortem surface of a specimen precipitates oriented parallel

to the loading direction

on a specimen from group 3a, which had precipitates oriented parallel with variation

to the loading, is shown in Fig. 23. It was seen that all cracks are in contact with at

least on Ni3Ti precipitate. Though, less cracking was observed in this specimen in this

specimen, than specimens with uniformly oriented precipitates. In this image, there

is a combination of precipitates cracking and interface cracking between precipitates

and matrix material. Cracks in this image are smaller and more sparse than in the

uniformly parallel orientation.

Specimens with precipitates oriented perpendicular to loading direction with vari-

ation were analyzed after testing, which showed the cracking behavior to be different

from the two previous specimens shown. Cracking was less predominant, so finding

cracks was more difficult. As such, the entire specimen had to be analyzed rather

than just in the proximity to the fracture surface. A micrograph taken away from the

fracture surface of a specimen from group 2a is shown in Fig. 24. Only one auxiliary

crack is observed, which 30 µm long and in contact with multiple Ni3Ti precipitate.

The observed crack did not initiate in a precipitate but rather at interface between
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Fig. 23. Micrograph of postmortem surface of a specimen precipitates oriented parallel

with variation to the loading direction

the precipitate and the matrix material.

1. Discussion

A key consideration in material selection of SMAs to be used in actuators is con-

sidering both the structural and functional fatigue response of these metals. The

generation of large irrecoverable strain in an actuator could lead to failure of the ac-

tuator to perform its intended function, but if the material can not undergo sufficient

temperature-induced transformation cycles the actuator would fail due to rupture.

Increasing the homogenization time of the SMA increases the number of cycles before

rupture, as the specimens with the the increased homogenization time, had much

longer actuation fatigue lives. However, increased homogenization time had the dis-

advantage of greater irrecoverable strain at failure. As there is a trade-off between

the generation of irrecoverable strain and actuation fatigue life, there is not an ideal

heat treatment for all applications. It would be beneficial to use a short homoge-

nization heat treatment time for applications that require tight tolerances and few
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Fig. 24. Micrograph of postmortem surface of a specimen precipitates oriented parallel

with variation to the loading direction

actuation cycles. However, increasing homogenization time would be beneficial if a

design requires a large number of cycles prior to failure, but it would require that the

material is thermally cycled to stabilize the accumulation of irrecoverable strain prior

to use.

Another key consideration for the use of Ni-rich SMAs in actuators is the orien-

tation of the Ni-rich precipitates. It was seen that cracking behavior was drastically

affected by precipitate orientation. The highest crack density at failure was observed

in specimens with precipitates uniformly oriented to the loading direction, which also

had the longest fatigue life of specimens tested. Cracks initiated inside precipitates

oriented with the loading direction, which is likely caused by a drastic increase in stress

inside the precipitate as matrix material transforms from the austenitic to martensitic

phase. The interaction of precipitates and matrix material cause cracking, and when

oriented parallel to the loading direction reduce crack growth rates. Crack growth

rates have been observed to be high under pseudoelastic loading for nearly equi-atomic

NiTi material, similar to the matrix material in the current specimens [26]. Reduced
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crack growth rates, allow for many cracks to initiate before ultimate failure. Little

to no auxiliary cracks and the shortest fatigue lives were observed in specimens with

precipitates oriented perpendicular with variation to the loading direct. Cracks initi-

ated at the interface between precipitates and matrix material, indicating there was

not as large of a stress rise in precipitates oriented perpendicular to loading through

transformation. Precipitates caused crack initiation, but did not affect crack growth

rates due to their orientation. As such, a crack would initiate, grow quickly and cause

ultimate failure before other cracks could initiate. It is concluded that favorable pre-

cipitate orientations can increase fatigue life, by decreasing actuation fatigue crack

growth rates, though it changes the cause for crack initiation and increases crack

density at failure.
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CHAPTER IV

NUMERICAL INVESTIGATION

A numerical investigation was conducted to illustrate stress distribution in and around

an elastic precipitate inside a transforming matrix in an effort to further explain the

change in cracking behavior described in Chapter III. A 2-D plane stress unit cell

comprised with four uniformly distributed precipitates inside a transforming matrix

was modeled under actuation loading. Plane stress conditions were used to simulate

surface conditions where cracking was observed. Results were used to explain the

change in cracking behavior observed during actuation fatigue testing.

A. Unit Cell Development

A boundary value problem was defined to show the response of an elastic precipi-

tate inside of a transforming SMA matrix. A square unit cell with four uniformly

distributed precipitates was used to capture observed precipitate orientations. A

schematic of the unit cell is shown in Fig. 25.

It can be seen that the system can be reduced to quarter symmetry from the

schematic shown, which allowed for the reduced boundary value problem depicted in

Fig. 26. Periodicity and symmetry of the initial unit cell required horizontal bound-

aries remained horizontal and vertical boundaries vertical due to symmetry in the

reduced unit cell. Deflection in the x-direction on the left boundary of the body

was fixed at zero, and the right boundary was allowed to move in the x-direction,

but deflection was uniform along the boundary. Similarly, the bottom boundary was

fixed in the y-direction and the top boundary was allowed to uniformly move in the

y-direction. Loading was done in multiple steps. The body started unloaded at 227

oC (Af+120 oC ), which was well above the austenitic finish temperature, and the
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Fig. 25. A schematic of the plane stress unit cell of the precipitate matrix system
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point load was incrementally applied to achieve an average stress of 200 MPa in the

y-direction, to reflect the loading seen in the actuation fatigue experiments. The ap-

plied load remained constant while the temperature was lowered to 27 oC (Ms-24 oC

), which ensured the matrix was completely in the martensitic phase.

The precipitate was modeled as a linearly elastic material, and the SMA matrix

was modeled using a non-linear constitutive model. The constitutive model used to

describe the thermo-mechanical response of SMA matrix was the numerical implemen-

tation of the Boyd-Lagoudas (1996) model, details of which can be found in Quidwai

and Lagoudas (2000) and Hartl et. al (2011) [37, 38, 39]. Simulations were conducted

using ABAQUS finite element software with approximately 3,300 2-D plane stress

quadratic elements with reduced integration, type CPS8R [40]. The mesh was set

to have at least 50 elements along each boundary. An example of a mesh used for

this simulation is shown in Fig. 27.

Fig. 27. An example of the mesh with 3,273 elements used to simulate a precipitate

with an aspect ratio of 2 oriented 45o from the loading direction
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1. Defining Model Parameters

The area fraction of the precipitate remained constant throughout all of the 2-D

simulations. As such, the aspect ratio, orientation and volume fraction uniquely

defined the geometry for each simulation. The aspect ratio of the precipitate for this

study is defined as the major axis length, a, of the precipitate divided by the minor

axis length, b. Orientation of precipitates was defined at the angle between the long

axis and loading direction. Four different aspect rations were used, which were 1,

1.5, 2 and 2.5, with three different orientations, 0o, 45o and 90o for the simulations.

Images of microstructure taken using a scanning electron microscope (SEM) were used

to define area fraction of Ni3Ti precipitate in the unit cell. Images were converted to

binary images, in which Ni3Ti precipitates were converted to white and transforming

matrix and other Ni-rich precipitates were converted to black. An SEM image of the

microstructure along with the corresponding binary image is shown in Fig. 28.

(A) (B) 

Fig. 28. Image of microstructure of Ni60Ti40 (wt. %) taken using an Scanning Elec-

tron Microscope (A) and the corresponding binary conversion (B)

Numerically a greyscale image is simply an 2-D array with each value correspond-

ing to a pixel and ranged from 0 to 256. Greyscale pixel values are set to 1 if they are
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in the predetermined range consistent with the Ni3Ti precipitates and 0 elsewhere to

convert an image to a binary. Area fraction is calculated by summing values for each

pixel and dividing by the total number of pixels. Area fraction was calculated to be

21.5% from the image shown in Fig. 28. Dimensions of simulated precipitates were

calculated using the formulas given in eqs. 4.1-4.2 using area fraction.

a = L

√
R Af

π
(4.1)

b =
a

R
(4.2)

In these equations, a and b are dimensions of the precipitate shown in Fig. 26, R is

apect ratio, Af is area fraction of the precipitate, and L is length of the reduced unit

cell.

Elastic modulus of the precipitate was taken from results of nano-indentation

experiments presented in Bertachinni (2009) [32]. The measured modulus of the pre-

cipitates decreased as depth of the the nano-indenter increased. The highest measured

value was used for current simulations.

Maximum transformation strain was determined iteratively in order to have the

effective actuation strain with a circular precipitate was approximately 1.1%, which

was consistent with the results of tests conducted on specimens in groups 2a and 4b

presented in Chapter III. Remaining SMA parameters were taken from typical equi-

atomic values, aside from thermal expansion, which was neglected for the current

study. A complete list of parameters used are shown in Table IV.
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Table IV. Model parameters used for FEA simulations

Parameter Value Description

Ep 165 GPa Elastic modulus of the precipitate

νp 0.3 Poisson’s ratio of the precipitate

Ea 69.3 GPa Elastic modulus of the Austenitic phase

Em 37.6 GPa Elastic modulus of the Martensitic phase

νa 0.33 Poisson’s ratio of the Austenitic phase

νm 0.33 Poisson’s ratio of the Martensitic phase

Ms 61 oC Martensitic start temperature

Mf 51 oC Martensitic finish temperature

As 100 oC Austenitic start temperature

Af 107oC Austenitic finish temperature

CM 8.7 MPa/oC Stress influence coefficient of Martensite

CA 7 MPa/oC Stress influence coefficient of Austenite

σcal 7 MPa/K Calibration stress

Hmin 0 Minimum transformation strain

Hmax 0.06 Maximum transformation strain

σtc 0.02 MPa Stress at transformation is non-zero

kt 0 Exponent used for maximum transformation strain

η1 0.2 Smooth hardening parameter

η2 0.2 Smooth hardening parameter

η3 0.2 Smooth hardening parameter

η4 0.2 Smooth hardening parameter
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B. Results

It was seen that stress varied inside precipitates when the matrix was in the austenite

and martensite phases. Images of stress distribution when the matrix material is in

the austenitic and martensitic phases are shown in Figs.29-32 to show the change in

stress distribution. Fig. 29 shows the resulting Von Mises stress distributions from a

simulation conducted with an aspect ratio of 1. Von Mises stress is highest inside the

MPa 
400 

40 

Fig. 29. Von Mises stress field for precipitate with aspect ratio of 1 with matrix in the

austenitic phase (left) and with the matrix in the martensitic phase (right)

precipitate and just above or below the precipitate in the matrix, not at the interface

between the matrix and the precipitate. It is also observed that stress rises due to

transformation are much greater than rises due to elastic stiffness differences between

precipitate and matrix, as stress in the precipitate is much greater when the matrix

is in the martensitic phase.

Figs. 30-32 show distribution of Von Mises stress in the reduced unit cell with

an aspect ratio of 1.5 to illustrate the effect of precipitate orientation. Fig. 30 shows

an image of Von Mises stress distributions when the matrix was in the austenitic
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and martensitic phases for the precipitate oriented with direction of loading. Von

MPa 
550 

0 

Fig. 30. Von Mises stress field for precipitate with aspect ratio of 1.5 oriented parallel

to the direction of loading with matrix in the austenitic phase (left) and with

the matrix in the martensitic phase (right)

Mises stress fields from results of a simulation of a precipitate with an aspect ration

of 1.5 oriented 45o to loading direction is shown in Fig.31. Von Mises stress fields

from results of a simulation of a precipitate with an aspect ration of 1.5 oriented

perpendicular to loading is shown in Fig.32.

It is seen that stress inside precipitates decreases as the angle between the major

axis of the precipitate increases in Figs. 30-32. It is also observed that stress in

the regions directly adjacent in the x-direction to precipitates oriented parallel to the

loading direction is low compared to the rest of the matrix. Decreased stress in these

regions is cause for slow crack growth observed in specimens with uniformly oriented

precipitates, as described in Chapter III.

High stress regions seen in matrix material are lowered after repeated transfor-

mation due to transformation induced plasticity. Transformation induced plasticity

would relax the stress in the high stress regions in the material due to generation

of a residual stress field, and would in turn, lower cyclic stresses in these regions.
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0 

Fig. 31. Von Mises stress field for precipitate with aspect ratio of 1.5 oriented 45o to

the direction of loading with matrix in the austenitic phase (left) and with

the matrix in the martensitic phase (right)

Lower cyclic stresses would increase number of cycles prior to crack initiation and

slow growth after crack initiation.
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550 

0 

Fig. 32. Von Mises stress field for precipitate with aspect ratio of 1.5 oriented perpen-

dicular to the direction of loading with matrix in the austenitic phase (left)

and with the matrix in the martensitic phase (right)
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1. Stress in the Precipitates

Simulations were run with plane stress conditions to reflect the loading on the pre-

cipitates on the surface of the specimens were cracking was observed to initiate. Von

Mises stress at the center of the precipitate when the matrix was in the austenitic

phase, after loading, and when the matrix was in the martensitic phase, was com-

pared amongst all of the simulations. A complete comparison of Von Mises stress at

the center of the precipitate is shown in Table V.

Table V. Von Mises stress at center of precipitate

Aspect Orientation Stress in Stress in

ratio angle austenite (MPa) martensite (MPa)

1 - 249 400

0 268 468

1.5 45 250 390

90 238 368

0 284 520

2 45 246 367

90 233 362

0 300 574

2.5 45 244 354

90 232 370

It is seen that Von Mises stress inside precipitates when the matrix is in both

phases is higher when precipitates are oriented parallel to loading direction. Sig-

nificantly lower stresses inside precipitates oriented perpendicular to loading is likely
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why cracking was not observed inside precipitates with this orientation in postmortem

analysis of fatigue specimens. It is also observed that stress inside precipitates in-

creases with aspect ratio.

Another key consideration in cracking behavior of the precipitates would be the

cyclic stress amplitudes that would be experienced inside precipitates, as cracking may

not be caused by one transformation cycle but by repeated transformation. Predicted

Von Mises stress inside the precipitates was never greater than 600 MPa, which could

potentially be below the ultimate strength of the Ni3Ti precipitates. The cyclic stress

amplitude inside the precipitate is greatest with the highest aspect ratio oriented

parallel to the loading and least with the highest aspect ratio oriented 45o from the

loading direction. The large difference in stress indicates cracking is more likely to

occur in precipitates with large aspect ratios oriented parallel to the loading. From

postmortem analysis shown in Chapter III it was seen that cracking inside precipitates

occurred most predominantly in precipitates with high aspect ratios.

2. Effective Actuation Strain Comparison

Actuation strain was compared amongst different orientations and aspect ratios for

all simulations conducted. Effective actuation strain was calculated by dividing de-

flection at the point of load, or top of the unit cell, by the characteristic length, L.

Table VI shows the calculated effective actuation strain values for all simulations.

It is seen that precipitates oriented parallel to the loading direction resulted

in lower actuation strain as the aspect ratio increased. Results in the simulation

indicate a large reduction in actuation strain, by comparing the results of specimens

from group 4b and 2b, which were cut with the same orientation relative to the

rolling direction and underwent the same heat treatment, this trend was observed

and described in Chapter III. Specimens from these 2 groups had an actuation strain
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Table VI. Effective actuation strain for all of the simulations conducted

Aspect ratio Orientation angle Measured actuation strain

1 - 1.08%

0 1.00%

1.5 45 1.05%

90 1.11%

0 0.90%

2 45 1.09%

90 1.13%

0 0.80%

2.5 45 1.10%

90 1.11%

that varied by 13.6%. Actuation strain in FEA results varied by 30% between the

unit cell with precipitates of aspect ratio of 2.5 oriented parallel to loading, and

when precipitates were oriented 45o to the loading. While this may not completely

account for the complete difference in measured actuation strain amplitude between

the specimens, it does show precipitate orientation may break isotropy of the material.
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CHAPTER V

WORK-BASED METHOD TO ACTUATION LIFE PREDICTION

Along with identification of failure mechanisms, the aim of actuation fatigue testing is

to generate fatigue life data that can be used for the development of a life prediction

design method. A potential way to use a predictive tool is to incorporate a method

into the design tools and methods that are being developed to predict the response of

an SMA component with the motivation of reducing the time between a concept to

working component. Researchers have developed FEA models, as used in Chapter IV,

to predict performance of potential SMA based actuator designs allowing for relatively

accurate simulation of many potential designs before selection of a final design to be

built and tested [38, 39, 41, 42]. Using the numerical mmethods reduces or even

eliminates the iterative process of building, testing, and modification. Similarly, it

would increase the efficiency further if these design tools had the capability to predict

the actuation fatigue life. Component level fatigue testing is expensive and time

consuming. A robust prediction method would help limit the necessity of fatigue

testing, and eliminate fatigue testing as part of the iterative design process. However,

fatigue testing is necessary to certify a design prior to commercial use, so a predictive

tool reduces the necessary fatigue testing, and not eliminate it completely.

Many experimental studies have been conducted on actuation fatigue testing and

two methods for life prediction have been posed [29, 30, 31, 32, 33, 34, 35]. From

these works, a stress-based and a strain-based method have been presented for life

prediction of actuation under constant stress [29, 31, 33]. The Wohler model was

modified by replacing the cyclic stress amplitude with the applied stress, which is

constant during an actuation fatigue test, in the stress-based method. The study by

Bigeon and Morin (1996) showed this method to be useful for actuation fatigue tests
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with complete transformation at multiple stress levels [29]. The strain-based method

seen in Lagoudas et. al (2009) and Bertacchini et. al (2009) uses a reformulated

version of the Mason-Coffin relation, in which the relation is integrated to compare

the total plastic strain to fatigue life rather that the rate of irrecoverable strain

generation. The two studies showed this method to be effective while considering

a constant level of actuation, but model parameters changed with a change in the

amount of actuation. A robust method for actuation fatigue life prediction has not

been developed that accounts varying levels of transformation with varying stress to

the author’s knowledge.

A work-based method has been developed to predict actuation fatigue lives as

an alternative to the stress or strain based methods found in the literature to account

for varying stress levels and actuation strain and to reduce the number of necessary

material parameters. This method has the potential to predict the life of a SMA

actuating component based of the simulation of one duty cycle, as is done with the

strain and stress based methods used for conventional metals [19]. It will be shown

this method reduces to the the stress-based Wohler model shown to be effective by

Bigeon and Morin (1996) if actuation strain is constant in a set of experiments [29].

The method is shown to accurately capture data with previously gathered data from

Bertacchinni et. al (2009), Lagoudas et. al (2009), and Schick (2009) though more

data is needed to determine the robustness of the method [31, 33, 34].

A. Work-Based Method

Many energy-based methods for fatigue life prediction have been developed for con-

ventional metals, mainly to account for multi-axial loading [43]. In a method devel-

oped by Ellyin and Gollos (1988), the change in work density, defined as the work
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being done to a material during each cycle, was correlated to fatigue life [44]. A key

difference between this method and other methods posed, is that in the Ellyin and

Gollos method, the complete amount of work done is considered, which is comprised of

the work done to elastically and plastically deform the material in conventional met-

als. Considering the energy consumed by elastic deformation allows for this method

to predict high cycle fatigue lives, where there is little to no energy used to plasti-

cally deform a material. This work-based method has been used to effectively predict

fatigue life in high and low cycle fatigue accounting for multi-axial loading as well as

non-zero mean stress cycling.

Calculating the work density amplitude is a straight forward process of integrat-

ing the stress-strain response, neglecting parts of the curve where the strain rate and

stress have opposite sign, in conventional metals. In actuation fatigue experiments,

the work density amplitude is simply the actuation strain multiplied by the applied

stress for uniaxial, constant stress, actuation fatigue tests, as shown in eq. 5.1.

wa = εactσ (5.1)

σ is the applied stress, wa is the work-density amplitude, and εact is the actuation

strain. A three dimensional constitutive model would have to be utilized for more

complex loading. The work-density amplitude is correlated to the fatigue life using

an exponential relation, as shown in eq. 5.2.

wa = A(Nf )B (5.2)

A and B are material parameters, wa is the work-density amplitude, and Nf is the

number of cycles to failure.

It can be shown that if the level of actuation strain remains constant, the work-
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based method reduces to the stress-based, or Wohler model used by Bigeon and Morin

(1996). The modified version of the Wohler model can be derived by assuming that

the actuation strain constant and combining equations 5.1 and 5.2. The relation

between applied stress and number of cycles to failure is shown in eq. 5.3.

σ =
A

εact
(Nf )B (5.3)

Similarly, a modified version of the strain-based approach commonly used in

conventional metals can be derived. Using such an approach requires that the ap-

plied stress to be constant in a set of experiments. The relation between the strain

amplitude and the number of cycles to failure is shown in eq. 5.4.

εact =
A

σ
(Nf )B (5.4)

B. Model Comparison

The data from Lagoudas et. al. (2009) was fit to a work-based curve. In this

previous study, actuation fatigue tests were conducted on NiTiCu wire specimens at

two applied stress, 80 MPa and 150 MPa, with varying levels of actuation. The fit

of the data is shown in Fig. 33. The data was compared the to the equivalent strain-

based approach using the parameters for the work-based model and eq. 5.4. The data

and the resulting curves are shown in Fig. 34. It is observed that the reduction to the

strain-based approach would be adequate if only one applied stress was considered.

The next study used to show the effectiveness of the work-based approach is the

work of Bertacchinni et. al. (2009) [33]. The researchers conducted actuation fatigue

tests in a corrosive and non-corrosive environment on wire specimens with the same

composition NiTiCu as Lagoudas et. al (2009) but with a different heat treatment.

The results from non-corrosive tests will be considered for the current work. In
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Fig. 33. Work density amplitude vs number of cycles to failure for results presented in

Lagoudas et. al (2009)

Bertacchinni et. al (2009), complete actuation tests were conducted at multiple stress

levels, and two partial actuation fatigue tests were conducted. A complete fit of the

data to the work-based model is presented in Fig 35. Using eq. 5.3, the parameters

were used to fit the data to the modified Wohler model. The data and resulting S-N

curves are shown in Fig. 36.

The last study considered, was the work of Schick (2009), in which complete

actuation fatigue tests were conducted at three stress levels, 100, 150 and 200 MPa,

on Ni60Ti40 (wt. %) specimens. This data was originally presented in the modified

Wohler model, and scatter was observed. Using the work-based method provided

for a better curve fit by comparison of the coefficient of determination, which was

0.615 for the modified Wohler model and 0.689 for the work-based fit. The resulting

work-life data and corresponding curve are shown in Fig. 37.

From a comparison of the resulting actuation fatigue material parameters, it can

be seen that the exponent B ranges from -0.600 to -0.900. It is also observed that

the heat treatment of a material will change the actuation fatigue parameters by

comparing Figs. 35 and 33.
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Fig. 34. Actuation strain vs number of cycles to failure for results presented in

Lagoudas et. al (2009)

C. Life Prediction

Sample predictions were conducted using the data presented in Lagoudas et. al (2009)

to show the effectiveness of the method [31]. The fatigue life data from tests conducted

at 80 MPa was used to predict the actuation fatigue lives at 175 MPa. From the 80

MPa data, the parameter A was found to be 7030 J/cc and B was found to be -0.764.

A strain life prediction was obtained by using these parameters and eq. 5.4. The data

was compared with the predicted values, the results are shown in Fig. 38. It was

seen that the maximum error was 21%, with the prediction being conservative. The

maximum error when the prediction was greater than the observed value was 11%.

Using the results from experiments conducted at 175 MPa, the actuation fatigue

lives were predicted using parameters calculated from the experiments conducted at

80 MPa to reflect the more likely scenario in a design application. Tests at 175

MPa would take less time, so if they can accurately predict tests at lower stress

levels, the amount of time necessary to gather sufficient actuation fatigue life results

would be drastically decreased. The parameter A was found to be 31,900 J/cc and
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Fig. 35. Work density amplitude vs number of cycles to failure for results presented in

Bertacchinni et. al (2009)

the exponent B was found to be -0.915 from least squares fitting of the fatigue life

data at 175 MPa. The resulting strain-life curves are shown in Fig. 39. Testing at

a high stress level is less accurate for predicting the fatigue lives at a lower stress

level than using data gathered at a lower stress level at a higher stress level for this

material system. However, using a higher stress level to predict fatigue lives was more

conservative. It is seen that predicting from different sets of data results in different

curves by comparing the fatigue parameters, indicating that large extrapolation would

be inaccurate. As such, fatigue tests should be conducted at similar work-density

amplitudes to predictions for a particular component design if such a method in

order to use the proposed work-based method for life prediction.

D. Comments and Discussion

It was seen that the work-based method accurately captured results presented in three

previous works. Actuation fatigue life results presented in Lagoudas et. al (2009), Be-

tacchinni et. al (2009) and Schick (2009) were fit to the work-based model, and good

agreement was observed. Using the results of Lagoudas et. al (2009), it was shown
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that the work-based method could be used to accurately predict actuation fatigue

lives of tests at one stress level based off experiments conducted at another stress

level. It is concluded that using actuation fatigue experiments with multiple strain

amplitudes at one stress level could be used to get the actuation fatigue parameters

to predict the fatigue life of tests conducted at a different applied stress level.

While these studies show the work-based method is useful for constant amplitude

experiments, further studies are necessary to conclusively determine the effectiveness

of such an approach to account for non-constant applied stress levels and actuation

strain amplitudes. This method also has potential to predict pseudoelastic fatigue

lives, but further studies would need to be conducted in which actuation and pseu-

doelastic fatigue experiments were conducted a single material system.
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of tests conducted at 80 MPa using parameters calculated using results from
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

A. Conclusions and Summary

Three key contributions are made to the field of actuation fatigue of SMAs in the

current work. First is the development of an actuation fatigue testing method. Second

is the observation of dependence of actuation fatigue life on homogenization time and

orientation of Ni3Ti precipitates in Ni-rich SMAs. Last is the work-based method,

which can be used a design tool to accelerate design processes by reducing the iterative

steps of build, test and modify.

1. Testing Method

The testing method in this work was shown to quickly and consistently thermally

cycle SMA flat-sheet fatigue specimens under constant stress through complete actu-

ation. Specimen geometry was chosen from a previous work, but with all dimensions

doubled to reduce scatter in fatigue life results. Specimens were machined using

electro-discharge machining, heat treated, with a homogenization and aging treat-

ment, and polished prior to testing. During testing, specimens were placed in a

chilled environment, maintained below the martensitic finish temperature, with a

suspended weight attached. An AC current was applied to heat specimens into the

austenitic phase, and removed to allow specimens to convectively cool back into the

martensitic phase. The testing method allowed for observation of actuation strain

and accumulation of irrecoverable strain throughout the life of specimens by utilizing

an LVDT.
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2. Microstructural Effects

The developed testing method presented was used to show effects of homogenization

time and orientation of Ni3Ti precipitates on actuation fatigue life of Ni60Ti40 (wt.%)

SMA specimens. It was observed that increasing homogenization time increased actu-

ation strain, accumulation of irrecoverable strain and actuation fatigue life. Another

key trend observed was effects of irrecoverable strain. It was seen that actuation

fatigue life increased with the amount of stabilized irrecoverable strain generation.

Irrecoverable strain in Ni60Ti40 (wt.%) specimens was comprised mostly of plastic

strain, rather than retained martensite and damage, as all specimens had constant

actuation strain through cycling, and most irrecoverable strain was accumulated in

5-10% of transformation cycles for each specimen. Plastic strain served as mechanism

to lower stress concentrations through generation of a residual stress field.

Results also showed that precipitate orientation affected actuation fatigue life

and cracking behavior. It was seen that in specimens with precipitates oriented

within 45o of loading, actuation fatigue life was much greater than when precipitates

were oriented greater than 45o from the direction of loading. Postmortem analy-

sis using optical microscopy showed cracking occurred inside precipitates oriented

parallel to loading and at the interface between precipitates oriented perpendicular

to loading and the transforming matrix. There was an increased number of cracks

when precipitates were uniformly oriented with loading, as compared to specimens

with variation in orientation of precipitates. Minimal auxiliary cracking was observed

in specimens with precipites oriented perpendicular to loading. Resistance to crack

growth is higher when precipitates are oriented parallel to loading, which results in

higher crack densities and longer fatigue lives.

Numerical simulations were done of an elastic inclusion inside a transforming
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matrix to further explain experimentally observed change in cracking behavior. A

two dimensional plane stress boundary value problem was solved of an ellipsoidal

inclusion with an aspect ratio varying between from 1 to 2.5 and an area fraction

of 21.5% inside transforming matrix. A uniform load equivalent to 200 MPa was

applied on one boundary, and temperature was lowered from above the austenitic

start temperature, to below the martensitic finish temperature. Orientation and

aspect ratio of precipitates were varied through multiple simulations. Results showed

that stress inside precipitates increased when precipitates were aligned with loading

which explains why cracking was observed inside the precipitates oriented parallel

to loading in actuation fatigue tests. Results also showed a dependence of effective

actuation strain on orientation of Ni3Ti precipitates. Simulations with precipitates

oriented in the loading direction had the lowest predicted effective actuation strain,

and predicted effective actuation strain was greatest when precipitates were oriented

perpendicular to loading.

3. Work Based Method for Actuation Fatigue Life Prediction

A work-based method for actuation fatigue life prediction was developed and shown

to be effective using results from previous researchers. The work-based approach

was shown to be equivalent to the stress based approach found to be effective in

literature if only one level of actuation strain at multiple applied stress is considered.

The work-based method was used to accurately predict actuation fatigue lives from a

set of experiments conducted at one stress level with multiple actuation strain levels

using parameters calculated from experiments conducted on the same material system

at a different stress level with varying levels of actuation strain. The work-based

method shows promise as a life predictive tool for future SMA actuator designs from

these preliminary results, but at this point there is not sufficient data to conclusively
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determine its robustness of such an approach.

B. Future Work

As every study generates at least as many questions as it answers, suggestions of

future studies are listed below.

1. Testing Method

One extension of the testing method would be to add a way to create non-constant

loads through temperature-induced transformation. A non-constant stress through

transformation would more accurately capture loadings in applications like the VGC

than current testing methods. Results would also be useful for validation of the work-

based method or development of another actuation fatigue life prediction method. A

key challenge in such an approach would be in the determination of the desired varia-

tion in stress through transformation, as this is unique for every actuator application.

Another potential for future work is to add a method for monitoring crack initi-

ation and growth throughout thermal cycling. Tests would be paused at set intervals

through cycling, and specimen surfaces would be replicated to monitor crack initia-

tion and growth throughout fatigue life. Results would be useful for development of

maintenance and inspection schedules for future actuating SMA components.

2. Microstructural Effects

One key future study is to further explore effects of homogenization time. To this end,

actuation fatigue experiments should be conducted a set of specimens with varying

homogenization times to observes its effect on fatigue life and generation of irrecov-

erable strain. The two points used in the current study are insufficient to observe
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optimal homogenization time for Ni60Ti40 (wt. %) material system.

Numerical simulations of transformation induced plasticity would further explain

effects of irrecoverable strain on localized stress concentrations. Simulations would

show residual stress fields generated though transformation-induced plasticity, and

would show a change in localized cyclic stresses with increasing irrecoverable strain.

These simulations could be used to generate an optimal processing procedure for

actuators prior to use in aerospace and automotive applications.

3. Work Based Approach

As previously mentioned, more testing is needed to determine robustness of the work-

based method. To this end, future actuation fatigue tests should focus on different

loading paths. One key variation to be considered would be partial actuation exper-

iments, with constant actuation strain amplitudes, but with different mean volume

fractions of one of the phases. Another key consideration would be non-constant

strain amplitude tests, to determine if Miner’s rule can be used with SMAs and the

work-based method. Once the robustness of the method is defined, implementing the

method into numerical design tools would be the final step.
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