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ABSTRACT

Within the last decade, the devel opment of compact SMA actuators has led to the design of smart structures such as the
Variable Geometry Chevron (VGC), designed by Boeing engineers. The chevrons are aerodynamic devices actuated by
SMA beam actuators and placed along the trailing edge of a jet engine to provide noise reduction. The SMA actuators
are clamped on an elagtic substrate that provides a biasing force allowing repeated one-way shape memory effect under
cyclic thermal actuation. In this work, a comprehensive characterization of thermally induced fatigue behavior of nickel-
rich NiTi SMA actuators subject to different constant applied stresses is presented. The influence of various parameters
is studied in order to assess the fatigue behavior of nickel-rich NiTi, namely: two heat treatments, two heat treatment
environments, three fatigue test specimen thicknesses and four stress levels. The purpose of this thermomechanical
fatigue study is to evaluate the shape recovery stability, the influence of large applied stresses, the amount of permanent
deformation and the resulting failure mechanisms. Fatigue limits of ~ 5,000 to ~ 60,000 cycles were found for applied
stress levels ranging from 250 MPato 100 M Pa.

Keywords: Shape Memory Alloy, thermomechanical fatigue, heat treatment environment, size effect, plagic strain,
precipitates, fractography, oxidation, microcracks

1. INTRODUCTION

With the purpose of developing new actuation technologies incorporating active materials, including the design of
systems providing significant noise reduction of commercial aircrafts, engineers from the Boeing Company have been
investigating the use of Shape Memory Alloys (SMAS) as actuators [1]. The SMA is used as a bending actuator and is
clamped to a serrated aerodynamic structure placed on the nozzle of a jet engine. The purpose of such a design is to
induce actuation in the SMA components, producing an inward deflection of the variable geometry chevrons (VGC).
Such deflection causes the hot gases and cold air coming from therear end of the jet engine to mix with less turbulence
and therefore reducing the noise generated during take-off and landing [2].

Two compositions for the binary shape memory alloy (SMA) NiTi were considered and the selected composition
corresponds to NiggTis in weight proportions [3]. The selected material differs from the conventional and widdly spread
near equiatomic NiTi. Thelarger proportion of nickel content resultsin the formation of a second metastable phase in the
nickel-rich matrix. The presence of intermetallics contributes to constraining the martensitic transformation that distorts
the lattice and results in an alloy exhibiting shape memory effect without the need of any cold work. The formed
precipitates are mostly TisNig, TioNiz and TiNis [4,5]. The formation of the precipitates is usualy controlled during a
first homogenization treatment while a second aging treatment is applied to adjust the proportion of nickel exchanged
between the nickel-rich matrix and the nickel-rich precipitates. This adjustment trestment is proven to be highly effective
in adjusting the transformation temperatures as well as the hysteresis [6]. In addition to controlling the transformation
temperatures and the hysteresis, the nickel-rich NigeTi4o demonstrated excellent actuation response in terms of number of
cyclesto reach stable actuation response as well as creep like behavior upon variable loading [7]. These results made the
nickel-rich NigyTiso SMA actuators the primary candidate for future experimental testing and applications.
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In previous research efforts, development, characterization and modeling of the material were the main objectives with
little effort dedicated to the understanding of the materials fatigue behavior [8]. As the nickel-rich SMASs undergo hot
rolling followed by homogenization treatment as well as precipitate formation, the maximum transformation strain that
these alloys can generate is up to ~1.4% under monotonic thermomechanical loading on ASTM standard test specimens
[7.,8].

As the knowledge and technology for SMAS used as actuators continues to mature, the understanding and assessment of
the transformation induced fatigue behavior has now become pertinent. The need for fatigue life characterization of
nickel-rich SMAs for the Boeing VGC application turn into a priority as this structural active component is subject to
one cycle per flight (current airliners usualy undergo approximately 20,000 to 70,000 flight cycles). Therefore, the
designed VGC can be expected to undergo at least 20,000 to 70,000 cycles during its service life. In order to be
integrated into an aerospace structure in the near future, SMA actuators must demonstrate sufficient fatigue life to
complete their service life. They also need to account for some safety margin in terms of applied loads and extended
number of cycles to failure. Most work done on the fatigue properties of SMAS has been carried out on the cyclic
pseudoelastic response. It was first performed for small fractions of the maximum transformation strain that can be
generated in near equiatomic NiTi SMAs and the number of cycles to failure on the order of hundreds of thousands of
cycles was attained [9,10,11]. More recently reported, the biomedical industry has been focusing on the influence of high
amplitude cyclic straining of pseudoelastic SMAs with fatigue limits below 10* [12,13]. Under such loading conditions,
the classical field of fatigue of metals defines this fatigue behavior as low-cycle fatigue due to a predominant
accumulation of irrecoverable deformation. Thisis dueto its very different regime and failure mechanism from the high-
cycle fatigue behavior where none or amost no plastic deformation is created [14]. NigTigp SMA actuators are no
different in terms of high amplitude straining due to full martensitic detwinning induced upon thermal cyclic loading.
Large amounts of plastic strain have been reported to be stabilized upon application of the appropriate thermomechanical
training [8]. Therefore, it is important to acknowledge the fact that such SMA actuators will develop large amounts of
plastic strain in counterpart of being highly competitive in terms of large energy density actuators. Nickel-rich NiTi
SMA actuators have not been extensively characterized under cyclic loading taken to failure. This fatigue life
characterization becomes a significant challenge to the integration of such promising materials in the first major large
scale SMA application.

The present work is an effort to investigate the thermomechanical cyclic response and fatigue behavior of nickel-rich
NiTi SMA actuators. The purpose is to first estimate the fatigue limits of such alloys under various loading conditions
and to understand the failure mechanisms involved in the degradation of the material. In Section 2, the experimental
setup isintroduced with the methodology and the different parameters applied to characterize the fatigue response of the
SMA actuators. Section 3 is a comprehensive description of the fatigue results while Section 4 discusses the
modifications undergone by the SMA material upon cyclic loading up to failure in terms of fractography in correlation
with the macroscopic fatigue response. Section 5 discusses the first series of observations and concludes with a selected
set of test parametersto further investigate this unique material.

2. EXPERIMENTAL SETUP AND TEST MATRIX

The main goal of this study is to test the ability of nicke-rich SMA actuators to sustain a sufficient amount of
thermomechanical fatigue cycles within a safety margin prior to certification. Nickel-rich SMA samples were prepared
by Boeing engineers as flat dogbone specimens and are used to perform isobaric thermal cycles. The fatigue
experimental setup in the Active Materials Laboratory at Texas A&M University allows testing of very small specimens.
Therefore, three different narrow cross sections were selected to determine what effects, if any, the size and geometric
configuration of the specimens have on their fatigue life. A stress range was selected, which included the working
stresses of proposed applications plus some margin of safety. Two different heat trestments were selected, with an
additional parameter being the heat treatment environment (vacuum or air).

2.1 Experimental setup

The identification of the loading conditions of the SMA components led to the definition of a series of uniaxial isobaric
thermally induced fatigue tests (see Fig. 1). The following schematic represents the stress-temperature phase diagram of
NiTi SMAs. A typical isobaric loading path is shown with a dashed double-sided arrow and is introduced later as a test
parameter.
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Fig. 1. Martensitic phase transformation phase diagram Fig. 2. Overdl view of the experimental setup used to perform fatigue
for NiTi SMA in the temperature-stress space testing a Texas A&M University.

The fatigue test frame consists of a plexiglass bath containing a closed-loop circulating coolant which allows forced fluid
convective cooling onto specimens submerged in the bath. The coolant is a waterless solution of ethylene and propylene
glycol. Heating is achieved through resistive Joule heating using a DC power supply connected to the two ends of the
specimen. The specimens are mounted on one end to a fixed point on a rigid auminum frame while the other end is
connected to masses hanging verticaly through a pulley system. Displacement measurement is achieved using linear
variable displacement transducers (LVDTS) attached to the rigid frame and connected to the free-end of the specimens
(see Fig. 2). The displacements of the SMA actuators are recorded through LVDT transducers and the strains in the
austenitic and martensitic states are used to define total, plastic and recoverable strains. Thermal loading cycles are
achieved at a frequency ~ 0.1 Hz with approximately 2 seconds of heating and 8 seconds of cooling. The advantage with
such adesign is the capacity to produce thermomechanical fatigue data between 48 hours and one week, on average.

2.2 Investigated parameters

The present research effort underlies the analysis of the influence of different parameters on the fatigue response of
nickel-rich SMA actuators. The application of thermomechanical cyclesis conducted until failure of the SMA specimens
is achieved. Therefore, five different parameters were selected to be scrutinized in terms of influence on the stress life
response aswell ason the level of accumulated plastic strain at failure.

The selected parameters are the constant applied dress, the heat treatment environment, the aging time during heat
treatment, the specimen geometry, i.e. specimen thickness, and the alloy composition.

The constant applied stress ranges from 100 MPa to 250 MPa in 50 MPa increments. The heat treatments were
performed in two different atmospheres, vacuum or air. The two selected aging times are one hour at 450°C (water
guenched) and 20 hours at 450°C (water quenched), after homogenization trestment of one hour at 850°C (furnace
cooled). The specimen thickness is a parameter that allows for observation of size effect. The three selected thicknesses
were 0.005, 0.01 and 0.015 inches (0.127, 0.254, and 0.381 mm respectively). Findly, two SMAs with two different
nickel-rich compositions were chosen to investigate the influence of a small change of nickel content on the fatigue
response of the actuators. The corresponding compositions are NigyTiso and Nis; Ti4s, in weight proportions.

The purpose of this comparative study is to identify the most influential parameters on the fatigue life of Ni rich SMA
actuatorsin order to eliminate any external limiting factorsto the intrinsic fatigue response of the SMA material.

2.3 Specimen geometry and test matrix

Due to the geometric constrains of the fatigue test frame and to the targeted high actuation frequency during thermal
cycling, small specimens are needed. A flat dogbone geometry was sel ected, as shown in Fig. 3.

Page 3 of 11



4/1/2008

0.25 INCH - (6.35 mm)
RADIUS- (4 PLACES)

0.05INCH b ’* 0.25 INCH

(1.27mm) - _ (6.35mm)
1.3125 INCH H‘
(33.34 mm)
2.75INCH
(69.85 mm)

Figure 3. Schematic of the fatigue test specimen geometry and its dimensions.

The chronology of the parametric study was such that the first investigated alloy composition (NigTi4) Was investigated
in terms of all other parameters: four applied stress levels, two heat treatment environments and two different aging
times with only one aging time in the case of air heat treatment. Theresulting test matrix can be seen in Table 1.

Table 1. Test matrix for Ni60Ti40 SMA composition.

Heat Treatment Environment Aging Time Specimen Thickness

V-HT 1- 1 hr 450°C 5mils(0.127 mm) 10 mils (0.254 mm) 15 mils (0.381 mm)

Vacuum Heat Treatment ) ) )
V-HT 2-20hrs450°C 5 mils(0.127 mm) 10 mils (0.254 mm) 15 mils (0.381 mm)

Air Heat Treatment A-HT 2-20hrs450°C 5 mils(0.127 mm) 10 mils (0.254 mm) 15 mils (0.381 mm)

Applied Stress Level: 100 M Pa— 150 MPa— 200 MPa— 250 MPa

The second alloy composition is Nis; Tisz and was selected to provide a better understanding and comparative elementsin
terms of fatigue response. For this alloy composition, two stress levels, one environment, one aging time and one
thickness were selected. The corresponding test matrix isrepresented in Table 2.

Table 1. Test matrix for Ni57Ti43 SMA composition.

Heat Treatment Environment  Aging Time Specimen Thickness

Air Heat Treatment A-HT 2 - 20 hrs 450°C 15 mils (0.381 mm)

Applied Stress Level: 100 MPa— 150 MPa— 250 MPa

3. FATIGUE TESTSRESULTS

3.1 Influence of different heat treatments

One particular property of the nickel-rich NigTis SMA isthat it can exhibit SME without any cold work process. The
presence of precipitates favors the storing of elastic energy and therefore the realization of recoverable strains upon
martendtic phase transformation. The proportions, the distribution and the composition of the precipitates can be
modified / adjusted by applying appropriate heat treatments. The heat treatments consist of a homogenization treatment
of one hour a 850 C with furnace controlled cooling to allow formation of precipitates followed by an annealing
treatment of either 1 or 20 hours at 450 C.

3.11 Stress—liferesponse

In this firg series of tests, the purpose was to determine if a different aging time had any major influence on the stress
life response of the nickel-rich SMA actuators. Fatigue limits of ~ 70,000 cycles were identified for stress levels of ~ 100
MPa and were found to reduce to ~ 4,000 cycles under ~ 250 MPa applied stress. However, the main result from these
experimentsisthat V-HT1 and V-HT2 gave the same fatigue lifein the stress life space. An additional important result is
that no size effect was observed, for both V-HT1 and V-HT2.
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Figure 4. Applied stresslevel vs. number of cycles to failure for
NigoTi0; comparison between V-HT1 and V-HT2.

3.1.2 Plastic strain accumulation

The results shown in Fig. 4 did not demonstrate any differences between V-HT1 and V-HT2, however, the values of
accumulated plastic strain in terms of applied stress level clearly shows dependence of V-HT1 on the applied stress level
while V-HT2 does not (see Fig. 5). V-HT1 displays plastic strain accumulation values ranging between 1 % and 3.5 %
for applied stress levels from 100 MPa to 250 MPa, indicative of an applied stress driven failure. However, the results
from V-HT2 are very different. For the same testing conditions, V-HT2 does not show any dependence of the
accumulated plastic strain on the level of applied stress.
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Figure 6. Accumulated plastic strain vs. number of cycles to
failure for NigTiso: comparison between V-HT1 and V-HT2.

Figure 5. Accumulated plastic strain vs. applied stress level for
NigoTi40: comparison between V-HT1 and V-HT2.

3.2 Influence of different heat treatment environments

For the next step of this parametric study, vacuum heat treatment 2 (V-HT2) is compared to air heat treatment 2 (A-HT2)
for NigyTis. Again all specimen sizes are studied in terms of applied stress versus the number of cyclesto failure as well
as the accumulated plastic strain versus applied stress and versus the number of cyclesto failure.

Theresult is the observation of a major influence on the fatigue life of thin specimens while larger specimens don’t seem
to be so affected. Also, the existence of a consequential oxide layer formed upon heat treatments performed in air is
observed and will be discussed later in thiswork.

3.21 Stress—liferesponse

For thefirst series of specimens heat-treated in high vacuum, the S-N curves didn’t show much difference between in the
influence of the different thicknesses on the two different heat treatments. However, the presence of an oxide layer
caused the thin specimens (0.005 in., 0.127 mm) to fail prematurely while the thick ones sustained smilar number of
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cycles to failure as the ones heat-treated in high vacuum, as seen in Fig. 7. Due to the presence of a significant oxide
layer, stress correction is necessary to evaluate the actual stress level under which the specimens failed. The results from
Fig. 7 take this correction into account; for an oxide layer measured to be 0.001 inch (0.0127 mm) thick (see Section 4).
Noticeable fatigue life reduction with thin oxidized specimens failing no more than after 2,000 cycles for applied
stresses as low as 100 MPa while thick specimens failed around 15,000 cycles, under an applied stress equal to 150 MPa.
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Figure 7. Applied stress level vs. number of cyclesto failure for
NigoTi40: comparison between A-HT2 and V-HT2.

3.2.2 Plastic strain accumulation

Figures 8 and 9 compare the previous results for V-HT2 to the ones obtained for A-HT2. The results from Fig. 8
compare the amount of accumulated plastic strain in terms of the applied stress for A-HT2 and for V-HT2 while Fig. 9
shows a similar trend of the accumulated plastic strain attained at failure under both heat trestment environments. The
only difference was found to be alarger amount of plastic strain for the tests performed on air heat treated specimens.
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Figure 8. Accumulated plagtic strain vs. applied stress level for  Figure 9. Accumulated plastic strain vs. number of cycles to
NigoTig thick specimens: comparison between A-HT2 and V-  failure for NigTiso thick specimens. comparison between A-
HT2. HT2 and V-HT2.

3.3 Influence of different compositions

The third series of results is a comparison between two Ni rich SMA alloys: NiggTis and Ni5s;Tigz (Wt %). The selected
heat treatment was A-HT 2.

3.31 Stress—liferesponse

The response of the two different alloys in the S + N space from Fig. 10 show a better fatigue limit at high stress levels
with N¢ ~ 4,000 cycles for Nis;Tigs while for NigoTiso Nf ~ 2,000 cycles. However, at lower stresses near ~ 150 MPg, the
fatigue limit of Nis;Tiss drops and NiggTisg SUstains twice as much life cycles with ~ 15,000 cycles.
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Figure 10. Applied stress level vs. number of cycles to failure,
comparison between NigyTiz and Nis; Tigs.

3.3.2 Plastic strain accumulation

Similar behavior is observed in terms of accumulation of plastic strain. Both alloys demonstrate stress dependency as
seen in Fig. 11 and Fig. 12. Figure 12 also shows that Nis; Tiss behaves more like NigoTiso With V-HT1, as seen in
Subsection 3.1.
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Figure 11. Accumulated plastic strain vs. applied stress level, Figure 12. Accumulated plastic strain vs. number of cycles to
thick specimens, A-HT2: comparison between NigTisp and failure, thick specimens, A-HT2: comparison between NigyTiz
N|57T|43 and N|57T|43

4. MICROSTRUCTURE AND FAILURE ANALYSIS

In this section, the focus is the different mechanisms that were involved in the failure of the nicke-rich SMA actuators.
The characterization effort was limited to the analysis of the influence of different heat treatments and of different heat
treatment environments.

As an example of failure and validation of the desired test gauge to locate fatigue failure, Fig. 13 represents four post-
mortem Nis; Tis Specimens. The failure occurred within the test gauge at different random locations, indicative of the
validity of the fatigue testing of the targeted gauge.
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Figure 13. (a) Picture of four different Nis; Ti4s Specimens showing random localization of the fatigue failure occurring within the
targeted test gauge, (b) schematic showing the area of interest in terms of fractography.

4.1 Failurefor different heat treatments

In the first series of tests, the parameter that was investigated was the different aging times performed on the NigyTiso
SMA composition. Asintroduced earlier, ahomogenization treatment in high vacuum at 850 C for 1 hour followed by a
slow controlled cooling to form coherent nickel-rich precipitates was applied first and then an aging treatment followed.
The aging treatment was 1 hour in one case and 20 hours in the other, both at the temperature of 450 C, followed by
water guench cooling.
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Figure 14. (a) Large dow propagation area with sharp Figure 15. (a) Smaller smooth slow propagation area with
straight microcracks, (b) and (c) transgranular cracks + serrated  microcracks  “flowing” around  nicke-rich
brittle final stage. precipitates, (b) and (c) intergranular cracks + ductile fina
stage.

The different aging time resulted in different macroscopic behaviors (see Figs. 4 + 6) but also in different microscopic
damage. Figures 14 and 15 are SEM fractography of two specimens that failed under 250 MPa constant stress and ran for
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about ~ 4,000 cycles. Figure 14 represents a specimen, 15 mils (0.381 mm) thick and aged for 1 hour. Large smooth
areas can be seen on this fracture surface, indicative of dlow fatigue crack propagation followed by a major tear-up area
showing the location of the final failure. From the magnified micrographs in Figs. 14 (b) and 14 (c) sharp and straight
microcracks, most likely transgranular cracks, which devel oped through the microstructure, indicate a brittle final failure.
However, in Fig. 15, the specimen is 10 mils (0.254 mm) thick, aged for 20 hours and displays small smooth areas where
fatigue cracks were initiating and slowly progressing. Figures 15 (b) and 15 (c) show a ditinctive pattern with plastic
deformation and local tear-up organized in a parallel manner. This process appears to have been biased by the nickel-rich
precipitates, which seem to have a stronger influence on the microstructure of NigyTis When the aging time was 20
hours.

Figure 16 shows a representative strain life fatigue data and micrograph that was introduced earlier. The strains in
austenite and in martensite evolve as the number of thermal cycles increases. The resulting actuation, or recoverable
gtrain, is found to be very stable until failure, which occurred in this case at ~ 27,000 cycles under a 150 MPa constant
stress. During the last 500 cycles, the strain in austenite (irrecoverable with respect to the reference configuration started
in austenite) shows a sudden increase, driving the total strain (strain in martensite) to “creep” further, but not as fast and
therefore, the actuation strain drops just before final failure occurs. The fact that the irrecoverable strain in austenite
grows more than the total strain in martensite confirms the observation of large plastic deformation as the crack tip
progresses, creating a stress increase. This was not observed in fracture surfaces or in the macroscopic response from
specimens with 1 hour aging time.

=)

(b)

@
Figure 16. () Example of strain life fatigue data showing the strain measurement of each phase (martensite or cold phase,

austenite or hot phase, and the resulting recoverabl e actuation strain), (b) the last 500 cycles indicate a delayed fina failure due
toductiletear-up  transformation under overload.

4.2 Failurefor different heat treatments environments

The comparison between V-HT2 and A-HT?2 is based on optical micrographs and reveals the presence of a significant
oxide layer that was formed during the homogenization heat treatment of 850 C for 1 hour, when the atmosphere was
selected to be the air. Thefirst major result that was found was the influence of air heat treatment on thin specimens.

In fact, air heat-treated thin specimens failed before they reached 2,000 cycles for a constant applied stress of 150 MPa
compared to nearly 50,000 cycles for heat treatment in vacuum. Figures 17 and 19 show a specimen vacuum heat-treated
with no presence of an oxide layer. The microstructure reveals a strong width to thickness aspect ratio with predominant
transverse fatigue striations. Figures 18 and 20 point out the width to thickness aspect ratio dependency on the fatigue
damage and failure. They also show a consequential oxide layer measured to be ~ 1 mil thick (25.4 um).

Figures 19 and 20 compare the influence of air versus vacuum heat trestment on the failure of thick specimens. Figures
19 (a) and 19 (b) show the influence of a thicker specimen on the random orientation of the propagating fatigue cracks,
and the final tear-up morphology, respectively. Both micrographs are indicative of a bulk behavior. Figure 20 (a) shows
afracture surface with similar oxide layer nearly ~ 1 mil thick, but it isin much smaller proportions on a thick specimen
compared to a thin one. The proportions are 2/5 oxide layer on a thin specimen while it becomes 2/15 on a thick
specimen. This observation explains the similar fatigue data in the stress life space between thick air heat-treated and
thick vacuum heat-treated specimens (see Fig.7). Figure 20 (b) is the characterization of the incompatibility of a brittle
oxide layer coating a shape memory alloy and its contribution to surface crack initiation.
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Figure 17. Fatigue dtriations across the thickness of a
thin specimen with transverse cracks indicate a strong
dependency on the width to thicknessratio.
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Figure 19. (a) Thick specimen displaying bulk behavior
with randomly oriented fatigue striations, (b) final tear-
up * fracture area.
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Figure 18. Identification of transverse cracks surrounded
by significant oxide layer with oxide layer measured ~
0.001 in (25.4um) formed upon heat treatment in ar
(distinct interface oxide/SMA).
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Figure 20. (a) Thick specimen and oxide layer
thickness ~ 0.001 in (25.4 pm), (b) presence of a
microcrack at the interface oxide/SMA.

5. CONCLUSIONS

The aim of the present work was to the thermomechanical cyclic response and the fatigue life of nickel-rich shape
memory aloy actuators. In the context of a series of scoping experiments, a limited number of test data per condition
were selected to investigate a wide range of various parameters in a rather short amount of time. The understanding of
the thermomechanical cyclic and fatigue behavior of the investigated shape memory alloys was based on both the
macroscopic response and the post-mortem microstructure of the SMA actuators.

Thefirst goal was to assess the influence of two different aging times on the fatigue response of NigyTiso SMA actuators.
It was found that the resulting number of cycles to failure with respect to the applied load was very similar for both heat
treatments. However, the accumulated plastic strain at failure showed differences. The next focus was to continue
investigating the three different specimen thicknesses and to evaluate any size effect due to the small specimen
dimensions. From the stress life results, a key result was the very similar fatigue limits for V-HT2 all specimen
thicknesses and A-HT2 thick specimens while A-HT2 thin specimens showed a very poor fatigue life. The post-mortem
microstructure of A-HT2 thin specimens verified the presence of an oxide layer that accounted for 1/5 the thickness of
the actua actuator, resulting in an increased state of stress in the cross section and contributed to more damage. Finally,
from the results of the two first series of tests, thick specimens and hesat treatments in air were selected for the last series
of comparative experiments. The investigated parameter was the aloy composition. Nis;Tis3 was selected to be
compared to NigoTigg in terms of fatigue limits and plastic strain accumulation response. One of the properties of nickel-
rich SMAs is that they precipitate a lot of intermetallics such as Ti3Niy, TioNiz and TiNiz. The fatigue testing showed
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that, while Nis;Tiss behaved better under the highest applied stress level, NigyTis Was observed to have a better fatigue
life than Nis;Tis3 under the lowest applied stress level.

Among top priorities to continue characterizing the fatigue life of nickel-rich SMA actuators, surface effects are to be
investigated. Another important parameter to be investigated is the actuation strain. The fatigue testing presented in this
work was exclusively performed under full actuation, (i.e. cyclic transformation of 100% of martensite in 100%
austenite) and an increase in fatigue life is expected under partia transformation cycles [15].

ACKNOWLEDGMENTS

The authors would like to acknowledge the support of the Boeing Company, project number 38370. The authors would
also like to recognize the work and help of Justin Schick, Graduate student at Texas A&M University for his
contribution and help in the laboratory.

REFERENCES

[ F.T. Cakins and G.W. Butler, “Subsonic Jet Noise Reduction Variable Geometry Chevron”, 42nd AIAA Aerospace
Sciences Meeting and Exhibit, AIAA-2004-0190, Reno NV, January 2004.

(21 calkins, F., Mabe, J., and Butler, G., 2006. “Boeing' s variable geometry chevron: Morphing aerospace structures for
jet noisereduction”. In Proceedings of SPIE Smart Structures and Materials 2006, Vaol. 6171.

I Clingman, D., Calkins, F., and Smith, J., 2003. “Thermomechanical properties of 60-nitinol”. In Proceedings of the
SPIE, Val. 5053, pp. 219+229.

[ Nishida M., Wayman C.M., Honma T., 1986. “ Precipitation process in near-equiatomic TiNi shape memory alloys’.
Metall trans. A 17, pp. 1505-1515.

Bl Kainuma R., Matsumoto M., Honma T., 1987. “Metallographic study of precipitation processes in Ni-rich TiNi
alloys’. Tohoku Daigaku Senko Serein Kenkyujo iho, 43 (2), pp. 149-158.

61 Adharapurapu R.R. and Vecchio K.S., 2007. “Superelagticity in a new Bioimplant material: Ni-rich 55NiTi alloy”.
Experimental mechanics, 47 (3), pp. 365-371.

M Mabe, J, Ruggeri, R, and Calkins, F., 2006. “Characterization of nicke-rich nitinol alloys for actuator
development”. In Proceedings of the International Conference on Shape Memory and Superélastic Technol ogy.

8 D. Hartl, B. Volk, D. C. Lagoudas, F. T. Calkins, and J. Mabe, 2006. “Thermomechanical characterization and
modeling of ni60ti40 sma for actuated chevrons’. In Proceedings of ASME, International Mechanical Engineering
Congress and Exposition (IMECE), 5+10 November, 2006, Chicago, IL, pp. 1+10.

' Tobushi H., Hachisuka T., Hashimoto T., Yamada S., 1998. “Cyclic deformation and fatigue of a TiNi shape-
memory alloy wire subjected to rotating bending”. Journal of Engineering Materials and Technology, 120 (1), pp.
64-70.

(9 Miyazaki S., Mizukoshi K., Ueki T., Sakuma T., Liu Y., 1999. “Fatigue life of Ti+50 at.% Ni and Ti+40Ni+10Cu

(at.%) shape memory alloy wires’. Material Science and Engineering, A 273-275, pp. 658-663.

Furuichi Y., Tobushi H., Ikawa T., Matsui R., 2003. “Fatigue properties of a TiNi shape-memory alloy wire

subjected to bending with various strain ratios’. Proc. Instn Mech. Engrs, Part L: J. Materials. Design and

Applications, 217 (L2), pp. 93-99.

2y oung JM. and Van Vliet K.J., 2005. “Predicting In Vivo Failure of Pseudoelastic NiTi Devices under Low Cycle,

High Amplitude Fatigue®. JBiomed. Mater. Res,, Part B: Appl. Biomater., 72 B, pp. 17+26.

de Azevedo Bahia M.G., Fonseca Dias R., Buono Vincente T.L., 2006. “The influence of high amplitude cyclic

straining on the behaviour of superelastic NiTi”. International Journal of Fatigue, 28 (9), pp. 1087-1091.

[ Bannantine J.A., Comer JJ. and Handrock J.L., 1990. “Fundamentals of Metal Fatigue Analysis’. Prentice Hall Pub

(Upper Saddle River, NJ) p. 26.

Bertacchini O.W., Lagoudas D.C., Patoor E., 2003. “Fatigue life characterization of shape memory alloys

undergoing thermomechanical cyclic loading”. Proceedings of SPIE (San Diego, CA, August 2003) (Smart

Structures and Materials: Active Materials: Behavior and Mechanics, vol. 5053) ed. D.C. Lagoudas, pp. 612-624.

(11

[13]

[19]

Page 11 of 11



