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The miniaturization of engineering devices has created interest in new actuation
methods capable of high power and high frequency responses. Shape memory
alloy (SMA) thin films have exhibited one of the highest power densities of any
material used in these actuation schemes. However, they currently require
complex thermomechanical training in order to be actuated, which becomes
more difficult as devices approach the microscale. Previous studies have
indicated that SMA films with compositional gradients have the added feature of
an intrinsic two-way shape memory effect (SME). In this work, a new method for
processing and characterizing compositionally-graded transformable thin films is
presented. Graded NiTi SMA films were processed using magnetron sputtering.
Single and multilayer graded films were deposited onto bulk NiTi substrates and
single crystal silicon substrates, respectively. Annealing the films naturally

produced a compositional gradient across the film-substrate or film-film interface



through diffusion modification. The films were directly characterized using a
combination of atomic force microscopy (AFM), x-ray diffraction and Auger
electron spectroscopy. The compositional gradient was indirectly characterized
by measuring the variation in mechanical properties as a function of depth using
nanoindentation. The similarity of the indentation response on graded films of
varying thickness was used to estimate the width of the graded interface. The
nanoindentation response was predicted using an analysis that accounted for the
transformation effects occurring under the tip during loading and the variation of
elastic modulus resulting from the compositional gradient. The recovery
mechanisms of the graded films are compared with homogeneous films using a
new nanoscale technique. An AFM integrated with a heating and cooling stage
was used to observe the recovery of inelastic deformation caused through
nanoindentation. The graded films exhibited a two-way SME with a reduced
hysteresis, while the homogeneous films exhibited the classical one-way SME.
The fabrication and characterization techniques developed in this work have the

potential to be applied to general graded and multi-layer film systems.
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1. Introduction

1.1. Background

Shape Memory Alloys (SMAs) have the unique ability to recover inelastic
deformation upon being heated. The effect is due to a diffusionless first-order
solid-solid martensitic transformation which consists of a low temperature
martensite phase (monoclinic) and a high temperature austenite phase (cubic)
[1-5]. In the form of thin films, SMAs are being developed for a variety of
microelectromechanical systems (MEMS) applications. Nickel-titanium (NiTi)
SMAs are popular because of their excellent mechanical properties and
biocompatibility [6-11]. They have been used to fabricate actuation devices such

as micropumps, microvalves and microgrippers [12].

1.2. Motivation for Research

Controlling the transformation of SMA films is currently achieved by
changing the composition and microstructure of a single homogeneous layer [13-
16]. Most devices that implement SMA films as actuators only permit repeatable
actuation behavior by applying a biasing force to a homogeneous film [17]. Our
focus is to control the transformation characteristics of the films through gradient
architecture. Functionally grading the composition across the film thickness
produces a membrane with a gradual variation in transformation temperature that
exhibits a two-way shape memory effect (SME) as-fabricated [18-21]. In this

work, we demonstrate a new method for fabricating graded SMAs by modifying



the surface of a nickel-rich NiTi substrate with titanium-rich NiTi monolayers or
depositing bilayer NiTi films with dissimilar compositions. Annealing these
systems allows the ability to naturally control the compositional gradients and
their associated nanocrystalline microstructure across the film-substrate or film-
film interfaces.

The ability to accurately characterize the mechanical (i.e., hardness and
elastic modulus) and transformation properties (i.e., recovery of inelastic
deformation and transformation temperatures) of SMA films is important for their
eventual design and implementation into micro-sized devices. Indentation has
become a common tool to non-destructively characterize the mechanical
properties of thin films [22-29]. Nanoindentation provides a means for
determining film properties with nanometer resolution with respect to depth. The
commonly used Oliver and Pharr method determines the hardness and elastic
modulus of a specimen using a calibrated indenter tip area function [30]. More
recently, there has been interest in studying the shape memory effect in thin films
using nanoindentation [31-34].

When indentation is applied to a graded SMA film, it poses several
challenges. Firstly, obtaining meaningful data through the indentation of a
general film system can be difficult because substrate effects and indentation
size effects (ISE) will complicate the measurement [35-38]. To minimize
substrate effects, it is common practice to restrict indentations to 10% of the film
thickness [39]. Beyond this point the measured properties are typically a

combined response from the film and substrate. However, the methods for



determining the mechanical properties of films from indentation load-
displacement curves were developed assuming the film is a homogeneous
material. By definition, a functionally graded material will have properties that
vary with respect to some spatial location. The indentation response at a given
depth will thus be a function of the deformed material as well as the surrounding
area. In addition, we have the added complication of measuring the properties of
an active material. The application of a mechanical load can thus induce a
phase change which will in turn affect the hardness and stiffness of the material.
One focus of this work is the characterization of compositional gradients from the
indentation response of graded SMA thin films.

Traditional methods for characterizing transformation properties of
materials (i.e., differential scanning calorimetry) are best suited for bulk materials
and the tests are generally destructive. Several studies have been dedicated to
characterizing transformation temperatures at the microscale, but only for a
homogeneous material [40-43]. The transformation temperatures will vary
throughout the thickness of a compositionally-graded film which complicates this
measurement. In this work, a new nanoscale technique was developed for
characterizing the recovery of the inelastic deformation in compositionally-graded
SMA films. Nanoindents of varying depth were placed in the films and the
subsequent recovery was monitored using AFM with an in situ heating/cooling
stage.

In summary, this research effort addresses three main challenges. The

first challenge is to fabricate a compositionally-graded SMA thin film that



possesses an intrinsic two-way SME. Previous attempts have focused on
varying the deposition conditions [18, 19, 44], but no attempts have been made
to exploit the natural gradients that result from diffusion across the interface of
two materials with dissimilar composition. This diffusion modification technique
will be utilized in this research effort.

The second challenge is the ability to characterize the composition, crystal
structure and mechanical properties of a graded and actively-transforming thin
film. Nanoindentation has become a popular tool to characterize materials on the
nanoscale, but the complexity of the measurement has limited its use to testing
mostly homogeneous materials. This work focuses on understanding the
nanoindentation response on a graded and active structure, while also using
other techniques such as scanning probe microscopy (SPM), x-ray diffraction
(XRD), and Auger electron spectroscopy (AES) to supplement the film
characterization.

The last main challenge is characterizing the transformation properties of
SMA films. Conventional techniques, such as differential scanning calorimetry
(DSC), are destructive tests that are best suited for bulk materials. A few
methods have been proposed to test the transformation properties of films at the
microscale [40, 42, 43], but they are incapable of characterizing a graded
structure, where the transformation temperature varies throughout the thickness
of the film. In this work, a new nanoscale technique is developed to characterize
transformations in graded SMA films using an AFM with in situ heating and

cooling to study the recovery of deformations induced through nanoindentation.



1.3. Dissertation Outline

The methods used to address the research objectives mentioned above
will be discussed in the following chapters. Chapter 2 reviews the basics of the
SME, the processing and characterization of SMA films, as well as the
technigues involved in characterizing functionally graded materials (FGMs). An
effort is made to present the state of the art in each area, while pointing out the
scientific and technical limitations of each topic and what this work does to
address them. Chapter 3 details the experimental processes involved in
fabricating the compositionally-graded SMA films in this work, as well as the
experimental methods utilized to characterize their microstructure, crystal
structure, composition, mechanical properties and recovery mechanisms.
Chapter 4 describes the results of the characterization process, which includes
methods developed to predict the extent of the graded interface, an analysis of
the indentation response on actively-transforming SMA films, as well as an in situ
nanoscale technique to characterize the recovery of inelastic deformation in SMA
films. Finally, Chapter 5 discusses the scientific and technical contributions of

this effort and the possible directions for future work.



2. Literature Review

2.1. Shape Memory Alloys

2.1.1. Shape Memory Effect in SMAs

The shape memory effect (SME) was first discovered in a gold-cadmium
alloy in 1953 [8]. A decade later, Buehler and coworkers at the Naval Ordinance
Laboratory discovered the effect in a nickel-titanium alloy [6]. The material was
nicknamed Nitinol (NiTi Naval Ordinance Laboratory) and it has become the
most widely-used shape memory material. The effect is also observed in other
alloys such as CuAlZn, CuAlINi, and CuSn. NiTi has become popular because of
its high functionality as an engineering material. It is corrosion resistant, it has
low thermal conductivity, high resistivity and good fatigue resistance [45]. NiTi is
also capable of recovering strains of approximately 10% [18], with recovery
stresses approaching 400 MPa [40]. They have been used in bulk form as
valves, fasteners and stents [46]. The SME in NiTi is due to a solid-state phase
transformation between a low temperature martensite phase and a high
temperature austenite phase. The austenite phase has been described as a
high-symmetry cubic CsCl (B2) type structure [47, 48]. The martensite phase is
a distorted monoclinic structure with lower symmetry; the martensite crystal

“variants” can thus be arranged in different orientations [49, 50].
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Figure 2-1. Solid-state phase transformation that occurs in SMAs. The effect can be seen
through applied mechanical or thermal loading [51].

The martensite phase is capable of rearranging its atomic lattice structure
through a coordinated shear-like distortion (see Figure 2-1). This allows the
material to accommodate relatively large amounts of inelastic deformation. A
stress applied to a material in the martensitic phase will produce a strain that can
be recovered with subsequent load removal; this is known as pseudoelasticity.
Deformation can also be recovered through the application of heat and
subsequent cooling. As seen in Figure 2-1, the deformed martensite phase
transforms to the high temperature austenite phase through heating and then
returns to the undeformed or “twinned” martensite phase upon cooling.

SMAs are often characterized by a phase transformation hysteresis loop,
like the one shown in Figure 2-2. Starting from the low temperature martensite
phase, the material is heated and begins transforming at As, the austenite start

temperature. At this point, martensite is still the prevalent phase. However, as



the temperature is increased, more and more of the martensite transforms to
austenite. At Ay, the material has completely transformed to the high temperature
austenite phase. When the material is cooled from the austenite phase, the
material begins transforming to martensite at M;. Note that M; is not equal to As.
As the material is cooled further, the low temperature phase begins to dominate,
until it has completely transformed to martensite at M. The hysteresis
associated with the transformation curves is typically defined as the temperature
difference between Ar and M;s or the difference between As and Mx. Most NiTi
films display a hysteresis of at least 30 °C, which has limited their potential as

microactuators, where high frequency transformations are desirable [12].

Stress

{

Temperature

Figure 2-2. Typical hysterisis loop of a SMA showing the transformation temperatures,
hysteresis, and recovered stress [52].

The two-way SME in SMAs is typically created in homogeneous films
through a training process. Wibowo et al. produced this effect in a homogeneous
near-equiatomic NiTi film by over-straining the sample in the martensite phase,

beyond the limit of complete shape memory recovery, and then releasing the



load [53]. The sample was then heated above the austenite finish temperature,
where it did not recover its original shape as a result of the excessive strain
induced in the low temperature state. The sample was cooled below the
martensite finish temperature and over-deformed once again. After this process
was repeated several times, the film would exhibit two different shapes when in
the high-temperature and low-temperature states.

Therefore, the two-way SME can be produced in homogeneous SMA
materials, but only through a complicated training process. As the size scale of
the materials decreases, the training process becomes even more difficult. The
focus of this research effort is to produce a compositionally-graded film that
exhibits the two-way SME as fabricated. This is achieved by varying the
composition, and thus the transformation temperatures, throughout the thickness
of the film. This creates internal stress in the film naturally and eliminates the

need for any training.

2.1.2. SMAs in the Form of Thin Films

The SME has also been demonstrated in thin films, making them attractive
candidates for actuation devices in microelectromechanical systems (MEMS).
With respect to microscale actuation, SMAs possess the highest known actuation
force compared to other actuation modes, such as electrostatic, thermal and
piezoelectric [46]. SMA films can be electrically driven using joule heating; their
high surface-to-volume ratio produces high cooling rates which is ideal for a high

frequency response. The NiTi system has been particularly popular for film



actuation schemes because of the relatively high work per density it can produce
during recovery (~ 107 J/m®) [34].

NiTi films are typically deposited using sputtering techniques [32, 54-56].
The basic sputtering process consists of a bulk target (e.g. NiTi) and an opposing
substrate (typically silicon or glass) positioned in an evacuated chamber [8]. A
non-reactive gas, such as Argon, is pumped into the chamber, where it is then
ionized. An electric field accelerates the Argon ions into the target. Atoms are
then ejected from the target and deposited onto the substrate. The strength of
the electric field, the gas pressure and the distance separating the target and
substrate all control the rate of deposition.

The SME is very sensitive to small changes in stoichiometry, which has
restricted their reliability and manufacturability in MEMS devices. The NiTi
system is particularly sensitive to composition; small deviations from the
equiatomic region can drastically alter the transformation temperatures. Schell et
al. report that a deviation of 0.2 atomic percent from the equiatomic configuration
can change the transition temperature by 25 K [16]. Unfortunately, when
depositing NiTi films using sputtering techniques, the yield is often Ni-rich with
respect to the original target material, making it difficult to control the final
composition. Otsuka attributes this to the oxidation of Ti that occurs during the
sputtering process. To compensate for the depletion of Ti, a Ti mesh can be
placed over the NiTi target in order to produce films that better reflect the target
material composition [53]. Although the Ti yield will be greater in this case, it has

been difficult to precisely control the final composition of the sputtered film. Cho
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et al. proposed a technique for precisely controlling the composition of NiTi films
through a multilayer technique [57]. Instead of working with an alloy target, the
authors sputtered alternating layers, tens of nanometers thick, of pure Ni and
pure Ti onto a Si substrate. Subsequent heating allowed interdiffusion between
the layers, producing a final film that was assumed to be homogeneous. The
final stoichometry was determined by controlling the relative thicknesses of the
pure layers.

The final microstructure of an SMA film will control its ability to recover
deformation. NiTi films sputter-deposited at room temperature are generally
amorphous. The films must be heated above 400 °C to initiate crystallization,
although the crystallization process is sensitive to the film stoichiometry. Wang
et al. report that the crystallization temperature and crystallization activation
energy both decrease with an increase in Ti concentration [58]. They performed
a study of the crystal nucleation rate and growth velocity for near-equiatomic NiTi
films using the combination of high precision heating and microscopic tracking of
individual crystals. During the heating process, the surface relief was observed
optically as light was scattered off the crystallite boundaries. Ramirez et al. also
observed the evolution of microstructure in near equiatomic NiTi films using a in
situ transmission electron microscope (TEM) heating technique [46]. The
crystals were found to grow in circular shapes, while their interiors consisted of
filament shaped subgrains (see Figure 2-3). The subgrains grew outwardly and
radially like pine needles, their arrangement consistent with a spherulitic structure

which is a sign of isotropic and rapid crystal growth. These microstructures are
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often observed in polymorphic crystallization, where the composition remains the

same and only the structure changes

Figure 2-3. Series of bright-field TEM images showing the isothermal crystallization of NiTi [46].
Ramirez and coworkers were also able to observe the austenite-
martensite transformation through an in-situ heating and cooling experiment (see
Figure 2-4). The grain marked with an “A” is in the high temperature austenite
phase. Upon cooling, the grain develops alternating dark and bright lines that
indicate a twinned martensitic structure. The austenitic structure returns as the

temperature is raised back above the transformation point.

Figure 2-4. Optical micrograph of martensitic transformation that occurs in a NiTi thin film [46].

More recently, the SME has been observed on the nanoscale.
Interestingly, these phase changes are seen in nature by the baceriophage T4
virus, which has an outer tail sheath comprised of a protein crystal that

undergoes a martensitic transformation. The lattice of the protein contracts
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uniaxially via atomic rearrangement which provides the force necessary to drive
the inner tail tube through a cell membrane of a host cell, allowing its foreign
DNA to be transmitted [59].

To date, the majority of the research on SMA films has been focused on
depositing homogeneous materials of a specific composition in order to achieve
the maximum recovery at a certain transformation temperature. The focus of this
work is to design and characterize a compositionally-graded film, one in which

the transformation temperature varies throughout the thickness of the film.

2.1.3. Characterizing Shape Memory Effect in Thin Films

Recently, SMA films have gained attention as potential micro-actuators,
such as microvalves and micropositioners.  Accurately characterizing and
controlling the transformation temperatures is critical for these devices.
Traditional techniques, such as differential scanning calorimetry (DSC) (requires
a few milligrams) and substrate curvature methods (typically requires a standard
wafer, a few inches in size), are designed for bulk materials. He et al. observed
the martensitic transformation in shape memory alloy films using an atomic force
microscope with an in situ heating stage [42]. The purpose of their investigation
was to develop methods for characterizing the transformation temperatures in
thin films. They showed the transformation occur by observing the change in
surface roughness associated with the martensitic transformation. In the
absence of an external load, the phase transformation results in no apparent
macroscopic change in the material’s shape, although He et al. show that there is

a microscopic change in the surface relief. The surface is relatively flat in the
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high temperature austenite phase, while it becomes relatively rough in the low
temperature martensite phase due to the twinned variants causing the surface
relief. Figure 2-5 shows the surface relief within a SMA single crystal in the

austenite and martensite phases.

(b) Twinned martensite

Figure 2-5. Surface of a SMA within a single crystal in the (a) high temperature austenite phase
and (b) low temperature martensite phase [42].

Boterill et al. developed an approach that allows the transformation
temperature in micron-sized areas of material to be accurately characterized [40].
The transformation temperatures can also be measured by monitoring the
variation in electrical resistance of the material as the phase is changed.

Johnson estimated the transformation temperature of a NiTi film by observing a

14



20-30% increase in the resistance as the sample was cooled [41, 43]. The spike
in resistance was attributed to the formation of the intermediate rhombohedral
(R) phase that can develop between the austenite and martensite phase.
However, the electrical resistance method can be inconvenient for very small
samples. He and coworkers found that their in situ technique was nondestructive
and capable of characterizing the transformation temperatures in relatively small
volumes of material. However, the above techniques are insufficient for
measuring the transformation of a graded film, where the transition point varies
throughout the thickness of the film. Therefore, in this work we will be pursuing
new techniques for characterizing the transformation behavior of compositionally-

graded SMA films.

2.1.4. Characterizing Shape Memory Alloys using Nanoindenation

Nanoindentation is a commonly used technique for characterizing
mechanical properties of films because measurements can be made at
nanometer depths into films that are sub-micron in thickness. The SME in thin
films has also been studied recently using nanoindentation. Recovery of
nanoscale deformation in NiTi thin films was first observed by Shaw et al. [34].
The films were indented in their low-temperature martensite state. After heating
the films above the austenite finish temperature and subsequent cooling back to
the martensite phase, the indents were scanned using atomic force microscopy
(AFM) to detect the amount of recovered deformation. The authors found that
smaller indents, less than 100 nm deep, recovered a much higher percentage of

the initial deformation. They attribute this effect to the bluntness of the Berkovich
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tip, which had a radius of curvature of approximately 100 nm. For indents less
than 100 nm the indentation is more spherical in nature and thus has
experienced less non-reversible plastic deformation. Conversely, indents greater
than 100 nm are more pyramidal in nature as the sharpness of the Berkovich
geometry dominates and the bluntness of the tip is less of a factor. This results
in a very high stress region under the tip that experiences much more plastic
deformation and results in less of a SME. The authors propose a simple zone
model scheme (see Figure 2-6) that accounts for three different modes of
deformation: a plastic zone of radius cpl, a martensitic rearrangement zone of

radius cmr, and finally an elastic zone at a radius greater than cmr.

Figure 2-6. Zone scheme proposed by Shaw et al.: First with radius cpl/ deforms plastically,
second zone with radius cmr deforms through martensitic rearrangement, outer zone deforms
elastically [34].

The model assumes that the initial stage of the indentation is
accommodated by elastic deformation, as the contact is spherical and thus the
stress is more spread out. As the indentation depth increases, martensitic twin

rearrangement is induced. Further indentation causes irreversible plastic
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deformation. The authors estimate the radius of the hemisphere ¢ that separates
the different zones using an expression from the well-known contact mechanics

book by K.L. Johnson [60]:

1
. d ( Etanf +2—41) 3 ]
tan S\ 6Y[1-v] 3-30v

where g is the angle between the surface and indenter, E is young’s modulus, Y
is the yield stress, vis Poisson’s ratio and d is the depth of indentation. Shaw et
al. use equation 1 twice, once using Y as the yield stress that would occur
through martensitic rearrangement and a different Y that would occur due to
plastic deformation. The difference in these two radii was used to approximate
the thickness of the shell of the martensitic zone tsm, the distance between the
inner plastic and outer elastic zones.

This model assumes that the low-temperature state of the film is single-
crystal martensite. However, most NiTi films fabricated via sputtering and post-
deposition heat treatment are polycrystalline, consisting of both martensite and
austenite phases [61]. Austenite has an elastic modulus that is approximately
three times the elastic modulus of martensite [2, 62]; thus a polycrystalline
material will have a more complicated behavior.

The SME can also occur at the nanoscale via a mechanical stress induced
transformation [63]. Ma and coworkers displayed the isothermal austenite-
martensite transformation by nanoindenting a NiTi film in the austenite phase

(see Figure 2-7).
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Figure 2-7. Loading curve showing the isothermal austenite-martensite transformation in a NiTi
film [63].

As the load is increased, a critical stress is reached, denoted by point A,
which causes the austenite unit cell to distort. This leads to the nucleation of the
monoclinic martensite unit cells. The inherent twinning behavior and lower
elastic modulus of martensite causes the slope of the loading curve to decrease.
The initial portion of the unloading curve is dominated by the elastic unloading of
the stress-induced martensite under the tip and the untransformed austenite
outside the high stress region. As the unloading continues, another critical stress
is reached, denoted by point B, which leads to the reverse transformation. The
stress-induced martensite switches back to the austenite phase which is at a
lower free energy. This pseudoelastic response leaves no residual impression
on the surface of the film. Ma et al. note that this effect is only observed with the

relatively large tips, with radii of 685 nm and 15 mm. The pseudoelastic
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response was not seen using 115 nm and 240 nm tips, presumably because of
the added plastic deformation that causes dislocations and not solid-state phase
transformations.

Nanoindentation was used in this work to measure mechanical properties
on the nanoscale as well as to induce nanoindents into the materials to observe
recovery phenomena. Other researchers have used nanoindentation on
homogeneous SMAs, but never on a graded SMA. This effort is the first attempt

to extract properties from a graded and active structure using nanoindentation.

2.2. Nanoindentation

Nanoindentation is a popular method for determining the mechanical
properties of thin films due to its ability to control indentation depth on the
nanoscale. It is becoming a common method for measuring the elastic modulus
and hardness of small volumes of material due to its ease of use. There are
minimal sample preparation requirements, specimens can be tested several
times, and different volumes of material can be examined through the
appropriate choice of loading conditions and tip geometries [64]. However, the
indentation response is a complicated one and must be well understood in order
to extract credible results.

Nanoindentation has been possible through the development of
instruments that are able to continuously measure the force and displacement
during indentation. In addition, the resolution of measured force and
displacement of nanoindenation systems is on the order of nanonewtons and

nanometers, respectively. Figure 2-8 is a schematic of the transducer assembly
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in Hysitron’s Triboindentation system [65]. The transducer consists of three
parallel capacitor plates; the top and bottom plate are held fixed, while the middle
plate, to which the probe is connected, is held by leaf springs and is allowed to
move in the vertical directions. By manipulating the voltages on each capacitor

plates, the position of the tip can be precisely controlled.

‘

_

Figure 2-8. Transducer assembly in Hysitron's nanoindentation system [65].

In nanoindentation, a probe of known geometry is forced into a specimen,
and the initial response of the material is measured as the load is removed (see
Figure 2-9). The three-sided Berkovich geometry is the most popular tip for

indenting bulk materials and films thicker than 100 nm.
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Figure 2-9. Typical loading curve for an elastic-plastic material [30].
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The analysis of these measurements is often credited to the works of
Oliver and Pharr [30]. They showed that the unloading data is well described by
a simple power law relation

P=Aln-n,) 2
where P is the applied load, A is the contact area, h is the displacement into the
material, h; is the final depth of the indent and m is a constant [66, 67]. The
value of the exponent m varies based on the geometry of the probe; m= 1 for a
flat cylinder, m = 2 for a cone, and m = 1.5 for paraboloids of revolution. The
measured stiffness S of the material is found by differentiating the above

expression at the beginning stage of unloading according to:

et A
dh T 3

where E; is the reduced modulus. The reduced modulus accounts for the fact
that the indenter itself is not completely rigid, but also mechanically deforms to
some extent during the indentation process. The elastic modulus of the
specimen E; is related to the measured reduced modulus through the following

expression:

Here, E; and v; are the elastic modulus and Poisson’s ratio of the indenter,
respectively, and vs is the Poisson’s ratio of the specimen. The indenter is
typically a very stiff material, such as diamond; in this case, the specimen’s

elastic modulus is very close to the measured reduced modulus. The true elastic
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modulus of the specimen can be found by rearranging equations 3 and 4,
provided the contact area is known. The hardness H of the material is a

relatively straightforward calculation:

P
H — max 5
A

where Pnay is the peak indentation load and A is the projected contact area of the
hardness impression.

The main difference between conventional indentation and
nanoindentation is the use of a tip area function. The latter can produce indents
that range from 0.1-1.0 um deep, making the contact area difficult to define. In
this case, a tip area function can be used to relate the depth of penetration to the
area of contact of a tip of known geometry. During the loading process, the total
displacement h is a combination of the vertical distance along which contact is
made h; and the displacement of the surface at the contact perimeter hs (see
Figure 2-10).
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Figure 2-10. Schematic of the indentation with Berkovich tip and subsequent deformation of the
sample surface [30].
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The standard model of the indentation process takes into account the
deformation that can occur with the surrounding material not directly in contact
with the indenter. Oliver and Pharr showed that this deformation is also
dependent on the geometry of the tip through the following relation:

h,=h —:5‘-h 6
S

c max

Here, €is a constant that is dependent on the shape of the indenter; € = 1 for a
flat punch, while £ = 0.75 for a paraboloid of revolution. This effectively reduces

the area of contact between tip and specimen (see Figure 2-11).
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Figure 2-11. Determination of contact depth proposed by Oliver and Pharr [30].

The theory discussed up until now does not account for the imperfections

in tip geometry that must be considered when indenting at the nanoscale. For a
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tip with idealized geometry (i.e., perfect cone, perfect sphere, perfect pyramid),

the projected contact area A to depth h. relationship is given by

A=C,h’ 7
where C, is a constant that depends on the shape of the tip. A perfect Berkovich
tip is described by C, = 24.5, although real tips are never manufactured with this
ideal geometry. To find the actual contact area as a function of contact depth,
the tip is calibrated by indenting a homogeneous material with well known
mechanical properties, such as quartz. Rearranging equation 3 and assuming
mechanical properties for the reference sample, the contact area can be found at

several selected contact depths. The data are fit to a sixth order polynomial of
the form:

A=Cyh’+C h,+C,h> +C, " +C, h)* +C, h}"° 8
where C;-Cs are constants that are fit in order to describe each unique tip.

Once the contact area-contact depth relationship has been established,
the function is saved in the instrument’s software for subsequent indentations on
a specimen of unknown mechanical properties. Depending on the relative
hardness of tip and specimen, the area function will need to be recalibrated from
time to time to account for tip blunting.

Extracting mechanical properties from a material using nanoindentation
presents several challenges. When indenting thin films, the measured response
is a complex function of the elastic and plastic properties of both the film and
substrate. However, the standard Oliver-Pharr method for measuring material

properties from the load-displacement data was developed assuming
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homogeneous materials. To correctly measure a specimen’s hardness and
elastic modulus, an accurate determination of the contact area is required. When
indenting a soft film on a relatively hard substrate, the specimen will tend to “pile
up” along the sides of the indenter. This will cause the contact area to be
underestimated and thus the hardness will tend to be overestimated. On the
other hand, when indenting a hard film on a relatively soft substrate, the
specimen will tend to “sink in.” The contact area will be overestimated, causing
an underestimate of the hardness. The elastic modulus measurement has the
added complication of long range stress fields. To extract properties of just the
film, it is common practice to restrict the indentation depth to less than 10% of the
film thickness.

Saha et al. developed a method for decoupling the indentation response
of the film with that of the substrate [37]. They studied the effects of soft films on
hard substrates and then hard films on soft substrates. Figure 2-12 displays the
indentation data for 500 nm thick aluminum films on sapphire, silicon, glass and

aluminum substrates. The data are plotted against a normalized contact depth

where h. is the indentation depth tis the thickness of the film.

The measured hardness of h* < 1, contact depths less than the thickness
of the film, is approximately constant and close to the hardness of bulk
aluminum. As the indentation depth approaches the film/substrate interface the

data begin to deviate according to the hardness of each substrate. The harder
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sapphire and silicon substrates even begin to affect the measurement at

indentation depths less than the thickness of the film.
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Figure 2-12. Hardness (a) and elastic modulus (b) of 500 nm Al film on different substrate [37].
Figure 2-12a also shows the characteristic “indentation size effect” (ISE)
where for very small indents, the hardness decreases with respect to increasing
indentation depth. This effect is seen in crystalline materials for indents of A/t <
0.05 and is a result of strain gradient plasticity [36]. Figure 2-12b displays the
elastic modulus as a function of normalized contact depth h*. The measurement
is almost immediately compromised by substrate effects, especially for the
relatively stiff sapphire substrate. Compared to the hardness measurements, the

elastic modulus measurements are more strongly affected by the substrate
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because the elastic field under the tip is not confined to the film, but rather is a
long range field that extends into the substrate. Clearly the method for
measuring the elastic modulus needs to be adjusted to account for the mismatch
in mechanical properties between the film and substrate. Equation 4, commonly
used in the Oliver-Pharr method, was established for monolithic materials. This
equation is only applicable to film-substrate systems if the film and substrate
have similar elastic properties or if the film is sufficiently thick (indentation depth
is less than 10% of film thickness).

Saha and coworkers attempted to account for the influence of the
substrate by including an additional term into the reduced modulus equation.
They modified the work of King [68] to account for the three-face geometry of the
Berkovich tip. Their modified reduced modulus equation was used to predict the
elastic response of a homogeneous, non-active film on an elastically mismatched

substrate:

_p? 1_02 -ad 2 ~ad
LI e/ [l—e s ]+1va [e s J 10

Here, d is the thickness of the film below the tip, a is the square root of the
projected contact area, and « is a scaling parameter that is a function of a/d (see
Figure 2-13). The (t — h) term is labeled ‘@ in this work to avoid ambiguity. This
analysis permits the measurement of the film at contact depths up 0.5t, a

substantial increase beyond the 0.1t limit that is commonly used.
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Figure 2-13. Schematic of the Berkovich tip penetrating into a film on substrate. The parameter
corrects for the fact that the tip is not a flat punch [37].
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Figure 2-14. Elastic modulus of 500 nm Al film on different substrates using modified reduced
modulus formula proposed by saha et al. [37].

Figure 2-14 shows the elastic modulus data of an aluminum film on
sapphire, silicon and aluminum substrates using equation 10. The prediction
describes the expected film modulus reasonably well for contact depths less than
50% of the film thickness. They attribute the deviation for the rest of the range to
the fact that the King model is based on a flat punch, whereas their tests were

performed with the more complex geometry associated with the Berkovich tip.
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Nanoindentation is a powerful tool for extracting the hardness and elastic
modulus of a sample on the nanoscale. In the case of a film, the measurement is
a complex response to the properties of the film and substrate. Saha and Nix
addressed this problem for the case of a non-active, homogeneous film on a non-
active homogeneous substrate. However, this work is insufficient for a graded
material that is capable of changing crystal structures, and thus mechanical
properties, during indentation. This research effort addresses the indentation
response of a film that is both graded and actively changing its property

distribution.

2.3. Functionally Graded Materials

A Functionally Graded Material (FGM) is a material whose properties vary
with respect to some spatial location [69-75]. FGMs are being developed for a
variety of electrical, optical and mechanical applications. Tian and coworkers are
developing compositionally-graded Barium-Strontium-Titanate (BST) films for
dielectric and optical applications [76]. BST is used in dielectric capacitors and
non-volatile memory applications; they are attractive in the form of thin films
because the size and weight of the devices are greatly reduced. The graded
BST films contain internal stresses and polarization gradients which are shown to
improve the tunability of the device.

In Freund’s analysis of mismatch strain in heterogeneous thin films, he
discusses epitaxial semiconductor materials designed with a continuous
compositional gradient throughout the thickness of the film [77]. These graded

films are designed to provide a transition in the lattice parameter from one
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material to another to minimize the tendency for the formation of dislocations and
other defects. Freund studied general graded film systems with elastic mismatch
strains through the thickness direction which could result from thermal expansion
mismatch, chemical reactions with volume or phase changes, or microstructural
evolution. The internal or residual stresses associated with these compositional
gradients provide the driving force for various modes of failure; therefore,
methods for measuring this stress and controlling its effects are of great interest.
Kruft et al. fabricated functionally graded metal-ceramic composites that
were designed for armor applications [78]. The outer surface consisted of pure
alumina, a hard, thermally resistant material designed to blunt or break apart a
projectile. The inner surface consisted of pure nickel, a relatively tough and
ductile material designed to absorb energy. Starting from the pure alumina layer,
subsequent layers contained increasing amounts of nickel. The gradual variation
in relative amounts of metal and ceramic in successive layers prevented large
changes in the coefficient of thermal expansion at each interface; this allowed the
material to be processed virtually free of cracks.
In this work, the idea of controlling internal stress distributions via a FGM
was applied to SMA films in order to produce the two-way SME as fabricated. By
varying the transformation temperatures throughout the thickness of the film, it is

possible to create the internal stress distribution needed to produce the effect.
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2.3.1. Indirect Characterization of Gradients in Materials: Point
Loading

One method for characterizing gradients in materials is through an indirect
measurement. For example, in large composition gradients (milliscale to
macroscale) it is possible to section specimens and measure properties
associated with the composition, such as the density using pycnometry [79]. The
accuracy of these methods is somewhat limited since they will require analysis
and assumptions to relate properties to the composition. However, their ease of
use has made them the most generally accepted approaches in the FGM
community.

One particular method that enables non-destructive characterization of
property gradients in materials with small composition gradients (nanoscale to
microscale) is the use of point loads. Giannakopoulos and Suresh were the first
to attempt characterization of mechanical properties in graded materials
subjected to point loads [80]. Their work has had application in a wide range of
scientific areas, for example: advanced coatings for structural components to
protect against thermal and tribological damage, penetration of armor materials
consisting of hard outer surfaces and tough inner surfaces by projectiles, and
even geotechnical analyses for the settlement of foundations on deposits of clay,
rocks and soils. The authors developed solutions to the stress and displacement
fields to elastically-graded solids that were subjected to point loading. First they
considered the case where the Young’s modulus E varied as a function of depth

according to a simple power law (see Figure 2-15):
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E=E 7" for 0<k<l1 11

This model has been used to describe dense clay and sand earth deposits
where the stiffness at the surface is relatively low and increases continuously

with respect to depth.

Figure 2-15. Variation of elastic modulus with respect to depth according to a simple power law
[80].

Assuming spherical coordinates, as seen in Figure 2-15, and radial

symmetry, the lone principal stress can be described as

1

|
O rr =—C'C(;:£¢)V 12

where C is a constant and v is Poisson’s ratio which is related to the k chosen to
describe the power law. The corresponding strains and displacements can then
be found. An example of this case is a structural engineering material with
compositionally-graded metal-ceramic layers, such as the Ni-alumina system
discussed earlier. Here the variation of Young's modulus can be approximated
by E=84.92°?'® with z in microns and E in GPa, with the free surface taken as

the compliant pure Ni region and v assumed to be 0.3 throughout the composite.
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While this work sufficiently describes continuously graded materials whose
properties do not change during the indentation process and whose behavior is
predominantly elastic, it does not predict the behavior of the continuously-graded
SMA films in this work which will be both inelastic with actively-transforming

crystal structures.

2.3.2. Direct Characterization of Gradients in Thin Films: Auger
Electron Spectroscopy

Point loads can potentially provide indirect characterization of
compositional gradients through their mechanical response; however, it is also
desirable to obtain a direct measurement of the compositional gradient. In large
compositional gradients (milliscale to macroscale), it is possible to section
specimens from within the gradient and destructively obtain the composition
through techniques such as thermogravimetric analysis [81]. However, for
smaller compositional gradients (nanoscale to microscale) it is necessary to use
techniques that can characterize the material at these length scales. These
techniques are mostly limited to the use of conventional radiation (XRD or
spectroscopy) or electrons (SEM/TEM), while even techniques like XRD provide
a bulk measurement at the microscale (e.g., crystal structure of a micron-thick
thin film).

Auger Electron Spectroscopy (AES) has been one of the most popular
surface analytical tools to provide information on the elemental composition of
the first atomic layers of a solid [82, 83]. The technique is based on the emission

of low energy electrons (10-2,000 keV), known as auger electrons, from atoms
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with a hole in an inner shell during a relaxation process. The hole in the inner
shell is most often created using an electronic or photonic impact. An excited
atom with a hole in one of its inner shells will tend to relax to reach a more
energetically-favorable state. The auger process occurs when the hole in the
inner shell is filled by an electron from an outer shell. The remaining energy is
transferred to an electron in another outer shell, which is ejected with a kinetic
energy that is characteristic of the atomic energy levels involved in the process.
The kinetic energy of the released electron is dependent upon the binding energy
of the electron in the particular shell of the excited atom; this information can be
used to determine the chemical make-up of the atom. The intensity of the auger
electron signal is used to quantify the elemental concentrations in the first few
surface layers.

The AES technique has the ability to sample the first few atomic layers of
a sample. When used in conjunction with a method of removing the atomic
layers from the surface, depth profiling becomes possible. This application of
AES is widespread in the study of thin film electronic devices, coatings and
corrosion layers [84]. One popular method of peeling away surface layers is
through sputtering, where ions impart their kinetic energy to surface atoms as
they collide into the sample. If the imparted energy exceeds the binding energy
of the targeted material, material is sputtered from the surface. This technique is
also used to clean the surface of a sample by removing the layers rich in

contaminants.
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Martins and coworkers used AES to profile the surface of compositionally-
graded SMA films [19, 44]. They fabricated graded NiTi films by deliberately
varying the Ni/Ti ratio during the sputtering process. They produced films with a
gradual change in composition, crystalline structures, transformation
temperatures and residual stress through the film thickness. The graded films
were deposited by co-sputtering from two magnetron guns, one containing a
NisoTis1 target and the other containing a Ti target. The sputtering power of the
magnetron containing the NiTi target was held constant at 40 W, while the power
of the magnetron holding the pure Ti target was varied from 0-30 W. With this
setup, Martins et al. were able to produce equiatomic NiTi films by running the Ti
target at 8 W. It should be noted that this result was the focus of their earlier
study where the experimental setup was used to balance the well-known Ti-
deficient yield in sputtering from a NiTi target. Figure 2-16 shows the AES depth

profile of a 420 nm graded film deposited onto a Si substrate.
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Figure 2-16. AES profile of a graded NiTi film [44].
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The substrate is on the right of the plot and the film is grown from right to
left. The first 100 nm (section I) was deposited with the Ti target run at 8 W,
which produced a film near the equiatomic composition. The Ti target power was
increased for sections Il and lll, resulting in an increase in the Ti composition.
The Ti target power was turned off for the last 100 nm of the deposition, resulting
in a decrease in the Ti composition. The composition gradient in the film
produced a variation in the transformation temperature with respect to depth.
The transformation temperature would be expected to increase from the section |
to section Il because of the increasing Ti concentration. The transformation
temperature would be expected to decrease from the section Il to section IV, as
the film concentration varies from Ti-rich to equiatomic. The limitation to this
technique is that in order to obtain the SME, the films must be heated above 400
°C to initiate crystallization. This will produce diffusion across the film-film
interfaces, reducing the extent of the graded region.

Clarke et. al used AES depth profiling to study corrosion on the
surface of NiTi wires used in the medical device industry [85]. Medical devices
containing NiTi depend on a layer of titanium dioxide on the surface to prevent Ni
from seeping into the body, which has known toxicological effects. Figure 2-17
shows the cross-section of the wire. The depth profiling was done from left to

right on the image. The results of the profiling can be seen in Figure 2-18.
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Figure 2-17. SEM image of the cross-section of a NiTi wire used for biomedical applications [85].
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Figure 2-18. Depth profile of a NiTi wire taken using Auger Electron Spectroscopy [85].

The horizontal axis in Figure 2-18 highlights one of the difficulties
associated with AES depth profiling. The authors chose to use time instead of
distance as a reference, due to the difficulties associated with calibrating the
depth profile. If a sample is composed of different chemical species with

dissimilar binding energies, the species will be removed at different rates during

37



the sputtering process. This will introduce error into the measurement and limit
the certainty of a quantitative analysis. A common approach is to assume the
sputtering rate is that of a well-known material, such as silicon dioxide.

For this work, AES will be investigated as to its potential for directly
determining the composition gradient in a thin film. Furthermore, the ability to
detect the gradient as a function of depth will be needed to compare with the

indirect approach.
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3. Experimental Methods

3.1. Graded Shape Memory Alloy Thin Film Preparation

3.1.1. Sputter Deposition Setup

Films were prepared using the DC magnetron sputtering setup seen in
Figure 3-1. The sputtering system consists of opposing guns configured in a one
foot diameter cylindrical chamber. Each gun contained the desired target
material to be deposited. Shields were placed in front of each gun to prevent
cross-contamination from the opposing gun. The substrate holder was
suspended from the top of the chamber, directly between the two guns. The
substrate was secured on the face of a holder, a 6 cm x 3 cm x 1 cm block of
oxygen-free high conductivity (OFHC) copper, as seen in Figure 3-2. The
substrate was pinned between the block and a 0.25 cm thick plate of OFHC Cu,
which was fastened to the large face of the substrate holder. A 2 cm x 1 cm
rectangular hole was cut out from the center of the plate, exposing an area on
the substrate of similar dimensions, while the remaining portion of the substrate
was masked.

A heat treatment was generally required to crystallize the sputtered films.
The specimens were heated immediately following the deposition process,
before they could be exposed to air. A cylindrical heater (Watlow 100 W Firerod,
St. Louis, MO) was positioned in a cavity that ran through the center of the
substrate holder (see Figure 3-3). The OFHC copper was chosen as the holder

material because of its good thermal conductivity. A thermocouple was placed
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between the holder and cover, adjacent to the substrate, so that the temperature

could be monitored.

Figure 3-1. Experimental setup of the DC magnetron sputtering chamber. The chamber
contains a dual, opposing gun setup with the substrate holder positioned directly between the two

guns.
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Figure 3-2. Schematic of substrate holder in DC magnetron sputtering setup. The cover
contains a window that exposes a rectangular area of the substrate.
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Figure 3-3. Schematic of annealing setup. A cylindrical resistive heater is positioned in the
center of the substrate holder. A thermocouple resting between the holder and cover monitors
the substrate temperature.

Radiation from the substrate holder limited the temperature of the
annealing process. As discussed in the literature review, the films must be
heated upwards of 500 °C in order to be crystallized. For initial experiments, the
substrate was not able to reach this temperature threshold, apparently due to
substrate radiation. To test the power radiated from the substrate, the
temperature was monitored as a function of time. As seen in Figure 3-4, the

temperature levels off around 470 °C.
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Figure 3-4. Substrate temperature as a function of time as recorded by a thermocouple fixed
between the holder and cover.
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The power P radiated by the substrate is given by the Stefan-Boltzmann

Law:

P=eAoT* 13
where ¢ is the emissivity, A is the surface area, o is the Stefan-Boltzmann
constant and T is the temperature. Based on the dimensions of the substrate

and the emissivity of the surface of the substrate, the power as a function of time

could be calculated (see Figure 3-5).
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Figure 3-5. Power radiated from the substrate holder. Note that the power levels off at
approximately 105 W.

The power appears to level off around 105 W, while the maximum power
of the heater is approximately 100 W. This implies that the substrate holder is
acting like an ideal black body and hotter surface temperatures would not be
possible. In order to limit the radiation, the emissivity of the holder had to be
reduced. The holder at the time of this experiment was covered with Ni, Ti, and

NiTi films from past sputtering experiments; the films were even peeling away
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from the substrate holder in several spots. This increased the surface area of the
holder and also increased the emissivity constant of the surface. These
problems were mitigated by mechanically polishing the substrate holder down to
the original Cu surface. The polished substrate holder allowed subsequent heat
treatments of 600 °C. From that point on, the substrate holder was polished after
every few sputtering depositions.

Once the excessive radiation problem was solved, specimens were
prepared using the following procedure. The experiment began by sealing the
chamber and pumping out the air until a vacuum of approximately 1.0 x 10° Torr
(1.3 x 10 Pa) was achieved. This generally took a couple of hours depending
on the seal of the main door and the seal between the chamber and the two
guns. It should be noted that this pumping time can be decreased by about 50%
by applying vacuum grease to each seal and baking the chamber overnight at 80
2C. Once the desired base pressure was reached, Argon (99.99%) was pumped
into the chamber until reaching a pressure of 2-3 mTorr. The sputtering process
was initiated by powering the gun to approximately 180 W. The targets were
generally sputtered onto the shield for the first 10 minutes so that the guns could
heat up and the equilibrium yield could be established. Films were deposited by
removing the shield and allowing the target material to be sputtered onto the
substrate. The deposition rate was varied by controlling the sputtering pressure,
target power, and the distance between the gun and substrate. The deposition
rate at a given set of these parameters was established by performing

profilometry on a reference sample.
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The following table is a list of specimens that were fabricated in this work.

The table excludes the samples that were prepared but have not been

characterized. A list of those samples can be found in the Appendix.

Table |
Date Specimen Heat Treatment | Tests on Sample

05.06.2006 800 nm Niy7 Tisson Si (100) 30 min @ 400 °C NI
05.25.2006 1 um Niy7Tis3 on Si (100) none NI
06.06.2006 1 um Nig; Tisz on Si (100) 30 min @ 475 °C NI
06.19.2006 600 nm Tion 1 um NiTiszon Si (100) | 20 min @ 450 °C AFM, NI
06.21.2006 | 500 nm Tion 1 um Nis;Tiss on Si (100) none AFM, NI
06.27.2006 800 nm Niy7 Tisson Si (100) 40 min @ 550 °C NI
06.29.2006 800 nm Niy7 Tisson Si (100) none NI
07.06.2006 800 nm Niy7 Tiss on Si (100) 15 min @ 500 °C NI
07.14.2006 800 nm Niy; Tis; on Si (100) 20 min @ 500 °C AFM, NI
07.17.2006 1.6 um Nig;Tis3on Si (100) 15 min @ 525 °C XRD, AFM, NI
07.18.2006 | 500 nm Tion 1.5 um Nig; Tiszon Si (100) | 30 min @ 500 °C NI
08.07.2006 1.5 um Nig7Tisz on NisgTig Substrate 15 min @ 550 °C XRD, NI
08.08.2006 1.5 um Ni7Tisz on NisgTiss Substrate none AFM, NI
08.11.2006 1.5 um Nig7Tisz on NisgTiy, Substrate 10 min @ 500 °C AFM, NI
08.15.2006 1.5 um Niy; Tis3 on NisgTis, Substrate 15 min @ 550 °C NI
08.17.2006 3 um Nis7Tisz on NisgTigs Substrate none NI
11.14.2006 1.5 um Ni on Si (100) none NI
11.29.2006 1.5 um Nion NisgTis Substrate none NI
12.01.2006 1.5 um Ni on glass substrate none NI
12.04.2006 1.5 um Ni4; Tis3 on glass substrate none NI
12.20.2006 1.5 um Nis7 Tisz on NisgTigs SUbstrate none NI
12.21.2006 1.5 um Nig;Tiss on glass substrate 30 min @ 450 °C XRD, NI
01.05.2007 1.5 um Niy;Tisz on Si (100) 30 min @ 575 °C XRD, NI
02.08.2007 200 nm Ni; Tisz on NisgTiss Substrate none NI
02.12.2007 100 nm Nig7Tisz on Nisg Tiss Substrate none AFM, NI
02.16.2007 400 nm Nis; Tisz on NisgTiss Substrate 40 min @ 575 °C | XRD,NILAES, REC
03.22.2007 400 nm Nis; Tisz on NisgTiss Substrate none NI
03.27.2007 200 nm Ni; Tisz on NisgTis, Substrate none NI
03.29.2007 200 nm Ni; Tisz on NisgTiss Substrate 40 min @ 575 °C NI, AES
04.06.2007 Annealed bare NisgTiss Substrate 40 min @ 575 °C NI
04.10.2007 800 nm Nis7 Tis3 on NisgTis4 Substrate 40 min @ 575 °C AFM, NI, REC
04.12.2007 800 nm Niy7Tis3 0n NisgTis4 Substrate none NI
04.14.2007 1.6 um Ni47Ti53 on Ni56Ti44 substrate none NI
04.20.2007 1.6 um Niy7Tisz on NisgTis4 substrate 40 min @ 575 °C XRD, NI
05.14.2007 800 nm Ni,; Tisz on annealed NisgTisg none XRD, NI
05.14.2007 800 nm Ni,; Tisz on NisgTiss Substrate none NI
08.31.2007 1.5 um NigoTisgon Si (100) 60 min @ 520 °C XRD, AFM, NI
12.07.2007 1.5 um Nig7Tis3on Si (100) 30 min @ 525 °C XRD, AFM, NI
04.04.2008 1.5 um NisoTisqon Si (100) 60 min @ 500 °C AFM, NI, REC
04.28.2008 [ 500 nm NisyTiszgon 1.5 um NisgTiso on Si none XRD, AFM, NI
05.06.2008 750 nm Nis,Tisg 0n Si (100) 15 min @ 540 °C AFM, NI

44




05.12.2008 750 nm Nis,Tigg on Si (100) 30 min @ 550 °C AFM, NI
05.13.2008 1 um NigeTiso 0n Si (100) 30 min @ 550 °C AFM, NI
05.14.2008 1 um NisoTiso 0N glass substrate 30 min @ 525 °C AFM, NI, REC
05.18.2008 1 um NiseTisg On glass substrate 60 min @ 525 °C NI
05.20.2008 500 nm Ni52Ti48 on 1 um Ni50Ti50 on Si 60 min @ 525 °C AFM, NI
05.23.2008 | 200 nm Nis7Tiszon 1.6 um Nis,Tisg on Si none AES, AFM, NI
05.23.2008 200 nm Niy; Tisz on 800 NisyTisg on Si 60 min @ 535 °C AES, AFM, NI,
REC

Table 1. List of specimens fabricated and tested in this research effort. A list of specimens not
characterized in this work can be found in the Appendix. (AES = Auger electron spectroscopy,
AFM = atomic force microscopy, NI = nanoindentation, XRD = x-ray diffraction, REC = recovery
of inelastic deformation test)

3.1.2. NiTi films on NiTi Ribbon Substrates
The modification of the surface of a NisgTiss (at. %) substrate (1mm thick,
Memry Co., Bethel, CT) was a study of particular interest because it established
the graded film fabrication process to be followed in subsequent studies. Prior to
deposition, the NisgTis4 substrates were mechanically polished down to 50 nm
and cleaned with ethanol. A Nis7Tiss target was chosen for the film composition
to provide a concentration gradient between the film and substrate. The
substrates were held approximately 7 mm from the target. A base pressure of
1.0 x 10® Torr (1.3 x 10™* Pa) was achieved; the sputtering pressure ranged from
2.0-3.0 mTorr in argon with a target power of 180 W. Before deposition onto the
substrate, the target was pre-sputtered onto a shield for 30 minutes to reach
sputtering equilibrium. A deposition rate of approximately 1 nm/s was used as

determined by profilometry on a reference sample.
The films in this study ranged from 0.2-1.6 um thick, and were produced

both with and without a post-deposition heat treatment (see Figure 3-6).
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Figure 3-6. Schematic of Nig;Tis3 film on NisgTis4 ribbon substrate before and after annealing.
The films chosen for the heat treatment were annealed immediately
following the deposition using substrate heating. The films were heated at a rate
of 8 °C/min, held at 575 °C for 40 minutes and then allowed to cool to room
temperature at a rate of 3 °C/min. The pressure was kept less than 5.0 x 10®
Torr during the annealing process in order to prevent precipitates from forming.
The annealing conditions were sufficient to initiate the crystallization process.
Diffusion across the film-substrate interface was also expected to occur due to a
concentration gradient. The characterization and subsequent results associated

with this case study will be revisited in the corresponding sections.

3.1.3. Bilayer NiTi films on Single Crystal Si Substrate

The procedure developed for the single film on NiTi substrate was slightly
modified for the fabrication of a bilayer film. Prior to deposition, the substrates
were cleaned with ethanol. A single NiTi layer was then sputtered onto an
oxidized silicon (100) substrate. After the first deposition, a NiTi film of a slightly

different composition was deposited onto the first layer (see Figure 3-7).
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Figure 3-7. Schematic of the bilayer NiTi films deposited on Si substrates. The two films were of
dissimilar composition.

Annealing the specimens produced diffusion across the film-film
interfaces, and to a lesser extent, the film-substrate interface. This method was
used to create Si/Nig7Tiss/NisaTisg, Si/NisaTiss/Nis7Tiss bilayers of varying

thickness.

3.2. Direct SMA Film Characterization

3.2.1. Scanning Probe Microscopy for Microstructural Analysis

The surface of the films was studied using scanning probe microscopy
(SPM) using an atomic force microscope (AFM) and the nanoindenter. The basic
principle behind SPM can be seen in Figure 3-8 [86]. A probe of some finite size
is brought into contact with the surface of the sample. A force between the probe
and sample is maintained as the tip is scanned across the surface. Depending
on the application and specific instrument, this force “setpoint” can be attractive
or repulsive. The size and geometry of the tip determines the resolution of the
image. As shown in Figure 3-8, the tip size limits the ability of the probe to trace
the abrupt step on the sample. For the nanoindenter, a Berkovitch tip is used with

a radius of 150 nm, while the AFM uses a micromachined silicon cantilever with a
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tip radius of 10 nm (an order of magnitude smaller). The scan speed also affects
the quality of the image. If the scan speed is too fast, the tip does not have the

time to properly trace the specimen surface, resulting in a smeared image.

Figure 3-8. Schematic of scanning probe microscopy. A probe of some finite size is brought into
“contact” with the sample and dragged around the surface [86].

3.2.2. Nanoindentation SPM on Surface Modified NiTi Substrates

Imaging the topography of the films revealed the effects of annealing.
Figure 3-9 displays the changes in topography that occur in a 1.6 um Nig7 Tiss film
on a NisgTiss substrate as a result of annealing. The samples were imaged with
the nanoindenter, using the 150 nm Berkovich probe. The setpoint between the
probe and sample surface was kept at 2 uN for the duration of the scan. The
scans were performed at a rate of 0.25 Hz, producing a 256 x 256 digital image
in approximately 17 min.

As deposited, the NiTi films are amorphous and the surface topography is
relatively uniform. Annealing the films above 525 °C initiates the crystallization
process. The films were annealed through substrate heating in vacuum as

described in the experimental processing section.
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Figure 3-9. Scanning probe microscope images of a Nig;Tis3 film on a polished NisgTigq Substrate
before (left) and after (right) heat treatment.

The annealing process appears to produce 150 nm grains in the film, but
as will be shown in section 4.1.1.1, this is an artifact of the measurement. The
true size of the grains, as determined through AFM, is approximately 50 nm. The
resolution of the image is limited by the size of the tip, which has a radius of
curvature of approximately 150 nm. The resulting grains look triangular-shaped,
but this is also an artifact of the imaging process. Features on the sample
surface with sizes approaching that of the tip radius will be altered to match the
size and geometry of the tip. The samples were imaged before testing the
mechanical properties, to ensure that the indentation would not take place on a
defect, such as a crack. SPM with higher resolution than the nanoindentation

scans were performed using AFM.

3.2.3. Atomic Force Microscopy

AFM tests were performed at Sandia National Laboratories in Livermore,
CA. The surface morphology of the NiTi films was studied using a Nano 1 atomic

force microscope (Pacific Nanotechnology, Santa Clara, CA). The scans were
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performed in tapping (intermittent contact) mode, where the cantilever is vibrated
near the sample surface using a piezoelectric ceramic motor. Variations in the
surface topography cause the amplitude and phase of the vibrations to change,
which can be transformed into a digital image. An optical microscope allowed

the AFM probe to be placed over micro-sized areas of interest as seen in Figure

3-10.
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Figure 3-10. Optical image of the AFM probe in contact with a buckled chromium film on polymer
substrate.

3.2.4. Depth Profiling using Auger Electron Spectroscopy

Compositional depth profiles in the graded films were characterized using
Auger Electron Spectroscopy (AES). The Auger system used was a Physical
Electronics Model 680 with typical e-beam parameters of 5.0 keV 20 nA rastered
over a 200 um x 200 pm area. The baseline vacuum for the system was
approximately 5 x 107'° Torr. A linear-least-squares fit was applied to all Auger

data to reduce noise and reduce peak interference. Sputter Auger profiling was
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done using a 2 keV 800 nA Ar* ion beam at a 45° angle of incidence. The
sputter rate was for a silicon oxide standard and should be used for comparison
only. The surface was milled using 2 keV Argon ions.

Figure 3-11 is an example of a depth profile on a SMA film as deposited.
The specimen is a 200 nm Nig7Tisz film on a NisgTiss substrate. Figure 3-12 is an
example of a depth profile on an annealed SMA film. The specimen tested was a
400 nm Ni47Tiss film on a NisgTiss substrate that heated for 40 min at 575 °C. A
compositional gradient is present over the first 200 nm of the annealed film. Note
that oxygen and carbon impurities are present in both the annealed and

unannealed films.
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Figure 3-11. AES depth profile of a 200 Nis;Tis3 film on a NisgTiss Substrate as deposited
(horizontal lines denote 56 at. % Ni (large blue dash) and 44 at. % Ti (small red dash)).
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Figure 3-12. AES depth profile of an annealed 400 nm Nis;Tiss film on a NisgTis Substrate
(horizontal lines denote 56 at. % Ni (large blue dash) and 44 at. % Ti (small red dash)).

3.2.5. X-ray diffraction for Crystal Structure Analysis

The crystal structure of the graded films was analyzed using x-ray
diffraction. Diffraction studies were carried out at the x-ray crystallographic
center at the University of Maryland that employs a Bruker C2 Discover powder
diffractometer with GADDS technology. The beam consists of CuKa radiation,
designed in a parallel beam geometry that allows micrometer sized areas to be
probed. The setup includes a video microscope with red laser alignment that
allows for precise sample positioning. A hot stage is available so that in-situ
heating characterization is also possible.

Depending on the crystal structure of the sample, certain diffraction angles

will produce a more intense signal. The position and relative intensity of the
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resulting peaks can be indexed to provide detailed information about the crystal
structure of the material. However, indexing diffraction peaks can be
challenging, even for homogeneous films. Any residual stress present in the film
can distort the crystal structure produce a resulting shift in the peaks [87]. This
problem is encountered when annealing a film-substrate system, where there is a

mismatch in the coefficient of thermal expansions (CTE).

3.2.5.1 XRD of NiTi film on NiTi Substrate

The residual stress issue was seen in the diffraction studies of the Nis7Tis3
films. Figure 3-13 displays the results of XRD on a 1.6 um Nis7Tis3 film on a
silicon substrate and a 1.6 um Nis7 Tis3 film on a NisgTisq substrate. For the film on
the NisgTiss Substrate, the main peak that is observed at approximately 26 = 42.5
degrees and the smaller peak observed at approximately 61.5 degrees were
indexed as the B2 cubic austenite phase. However, the peaks are slightly shifted
when the film on Si substrate is considered, which is attributed to the CTE
mismatch. Residual stresses can also be formed in the films during the
deposition process and before any intentional (substrates will heat up to 100 °C
during deposition) heat treatment [88, 89]. The CTE of NiTi in the austenite
phase is 11 x 10® °C" and 6 x 10 °C™ in the martensite phase, while the CTE of

the silicon substrate is 2.5 x 10® °C™" at room temperature [53].
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Figure 3-13. XRD of Ni47Tiss film on Si and Nisg Tiss Substrate. Note shift in main austenite peak
around 42.5 and 62 degrees.

The martensite peaks are located at 26 angles of 1-2 degrees on either
side of the main austenite peaks [53]. Therefore, peaks due to the formation of
new crystal structures must be decoupled from the peak shifts.

Characterizing the crystal of structure of a graded film will also be
complicated because of the nature of the diffraction measurement. Depending
on the intensity of the radiation, the diffraction pattern that is observed is a bulk
response from tens of thousands of crystal planes into the surface of the
specimen. The diffraction response from a graded film will thus be a complex
function of the variations in the composition or crystal structure with respect to
depth. Therefore, the approach taken in this study will be to compare relative
intensities of diffraction peaks between films of varying thickness and

composition.
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3.3. Indirect SMA Film Characterization

3.3.1. Nanoindentation for Nanomechanical Property Analysis

The nanomechanical properties of the films were determined at various
depths into the film to indirectly characterize the compositional-gradient. The
tests were performed using a Hysitron Triboindenter Nanoindentation system
(Hysitron Co., Minneapolis, MN). The tip used was a diamond Berkovich probe,
with a radius of curvature of approximately 150 nm and an included angle of 142

degrees (see Figure 3-14).

Figure 3-14. Diamond Berkovich tip with an included angle of 142 degrees [65].

The tip size and geometry limits the contact depth of the indentations
because the maximum applied force is predefined. For the NiTi system, this
depth occurs around 300 nm, although an extra 50-100 nm can be realized once
the films are crystallized. Fused quartz was used as a calibration sample
because it possesses well-known mechanical properties. The tip-shape
calibration was accomplished by making several indents in the quartz calibration
sample. The indentations covered a wide range of contact depths so that the

calibration would be consistent with the range of indents on the graded films.
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The elastic modulus and Poisson’s ratio of the quartz sample was assumed to be
72 GPa and 0.17, respectively [65]. The area as a function of contact depth was
then defined using equation 8. The area function was recalculated every several
months to account for the blunting of the tip.

The loading function could be varied depending on the type of material to
be tested. The loading rate and peak applied load are the parameters that must
be defined prior to indentation. The indentation of metals is relatively
straightforward because the displacement into the material can be considered
time independent. When indenting polymeric samples, it is important to include a
“hold-time,” a segment of time with constant applied force between the loading
and unloading processes, so that the material may relax before the measurement

on the unloading segment is made.

3.3.2. Nanoindentation of NiTi film on NiTi Substrate

An example of a typical nanoindentation test is the case of the surface-
modified NiTi substrate. The goal was to test the mechanical properties of the
films at various distances relative to the film-substrate interface. For the films
that were annealed, this interface was no longer well defined because of the
diffusion process. A 40 um square area was selected in the middle of each film.
Sixty-four points in an 8 x 8 grid, spaced 5 um apart, were indented using an
initial load of 0.1 mN. The peak load of each successive indent was increased by
approximately 0.15 mN with a final load of 10 mN, while maintaining a constant

loading rate of 1mN/s (see Figure 3-15).
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Figure 3-15. Load function used for indentation of surface-modified NiTi substrate. The peak
load was varied from 0.1-10 mN.
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Figure 3-16. Typical force vs. displacement curve using the load function seen in Figure 3-15.
The specimen was an annealed 400 nm Ni,; Tis3 film on a Nisg Tis4 substrate.

Figure 3-16 is an example of a typical force-displacement curve obtained
via nanoindentation using the load function seen in Figure 3-15. The specimen
in this case was an annealed 400 nm Nis7 Tiss film on a NisgTis4 Substrate. A bare

portion of the substrate that had been masked during deposition was indented in
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the same manner before and after heat treatment so that the baseline behavior

of the substrate could be established.

3.3.3. Nanoindentation of NiTi Bilayer Films on Si Substrates

The nanoindentation procedure used for testing the graded films on the
bulk NiTi substrates was repeated for the indentation tests on the bilayer graded
NiTi films on Si substrates. In general, the bilayer fiims had a lower surface
roughness than the films on bulk NiTi substrates. This is due to the low
roughness of the Si substrate, which was determined to be approximately 5 nm
using AFM. The loading curves for the indents at various spatial locations all lie
along the same curve (see Figure 3-17). This caused slightly less scatter in the

data for the nanoindentation tests on the graded bilayer films on Si substrates.
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Figure 3-17. Loading curves for an annealed 800 nm Niy7 Tiss film on a 1 um Niy; Tiss film on a Si
substrate. The uniformity of the surface allows the loading curves for each indent to line up.
Loading curves for the films on the bulk NiTi substrates do not show the same uniformity due to
their increased surface roughness.
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3.4. Nanoscale Characterization of Shape Memory Effect

3.4.1. A Posteriori Recovery of Nanoindents after Heating

A new method for characterizing the shape memory effect in the films at
the nanoscale was established using the scanning probe feature of the
nanoindenter to characterize recovery after heating. Micro-sized indents were
first made in the film using a Vickers hardness tester. These relatively large
indents (approximately 20 um across, as opposed to the approximately 1 um
nanoindents) were used as a fiducial so that subsequent nanoindents could be

easily found using an optical microscope (see Figure 3-18).

@ Nanoindentation area

|

Figure 3-18. Optical image of microindents used as a fiducial for nanoindentation area.

An area selected for nanoindentation was located approximately 100 um
above a featured microindent. The microindents patterned in a non-symmetric
way to ensure that the nanoindentation area was unambiguous. Nanoindents
were scanned using the nanoindenter and a height profile of the indent and
surrounding area was obtained. The sample was then removed from the

nanoindenter and heated in a furnace at 40 °C for an hour. The sample was
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replaced in the nanoindenter and the indent of interest was found using the
microindent benchmark method. The indent was re-scanned and the change in
height profile was recorded. Each scan was performed at a rate of 0.25 Hz,
meaning that the probe scanned a horizontal line across the image and returned
back to the initial starting point in 4 seconds, before moving to the next line. This

process was repeated with heat treatments of 60 °C, 80 °C, and 100 °C.

3.4.2. In situ Recovery Analysis using AFM and Heating Stage

The previously described method using fiducials and subsequent scanning
of the indents before and after heating with the nanoindenter probe was
improved upon by using an atomic force microscope with an integrated
heating/cooling stage. In situ recovery experiments were performed using a K-20
programmable heating stage (MMR Technologies Inc., Mountain View, CA). The
experimental setup can be seen in Figure 3-19. Integrated into the AFM system,
the stage allowed the samples to be imaged over a wide range of temperatures
(300-400 K) with a high degree of accuracy and stability ( +/- 0.1 K). An Aerostat
PC ionizing air blower (Simco) was used to mitigate the electrostatic charge
buildup on the samples. The blower produced an airflow rich in positive and

negative ions, thus neutralizing the sample surface.
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Figure 3-19. (a) Experimental setup of atomic force microscope with integrated heating/cooling
stage for characterization of recovery in situ. A close up of the highlighted area can be seen in

(b).

The indent array was located using an optical microscope in conjunction

with the AFM. The array was initially scanned at 300 K several times to allow the
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system to equilibrate. Once stabilized, the film was heated to 310 K. The array
was then rescanned a few times, allowing the scan to equilibrate. This process
was repeated in 10 K temperature intervals up to 350 K. The films were imaged
in 10 K cooling intervals using the same approach.

The maximum height of each indent was measured in each image. The
vertical recovery was recorded at each temperature interval using the initial scan
at 300 K as a reference. An indent array in a passive 2 um thick gold film on a
silicon substrate was tested in the same manner to ensure that the observed
recovery in subsequent tests on the active films was solely due to the SME and

not an artifact of the AFM measurement.
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4. Results and Discussion

4.1. Direct Characterization of Graded SMA Films

4.1.1. Scanning Probe Characterization of Grain Structure

As deposited, the NiTi films are amorphous. An annealing process is
required to crystallize the films and enable the shape memory effect. This heat
treatment causes significant changes to the film appearance, both
macroscopically and microscopically. Macroscopically, the films appear specular
due to the uniformity of the deposition process. The annealing process causes
the films to appear cloudy. This is due to the increased surface roughness which
is the result of surface relief [34].

The surface microstructure was observed using nanoindentation scanning
probe microscopy. Figure 4-1a shows a scan of a Nis7Tisz film annealed at 525
°C for 15 minutes. This annealing temperature is on the threshold of
crystallization initialization and the time allowed for heating was insufficient for full
crystal growth. As a result, the grains are just beginning to form in self-
assembled rings. Figure 4-1b shows a similar film heat treated at 575°C for
approximately 40 minutes. The grains have been given almost three times more
time to grow at a higher temperature; as a result, the grains are larger and cover
the entire area of interest. It should be noted that the resolution of these images
is again limited by the size of the berkovich tip, which has a radius of curvature of
approximately 150 nm. The grains also appear to be triangular shaped, but as

discussed earlier, this is an artifact that is due to the geometry of the tip.
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Figure 4-1. (a) SPM image of a Ni,;Tis; film on a Si substrate annealed at 525 °C for 15 minutes.
Note how the grains form in self-assembled rings. (b) SPM image of a Nis;Tisz film on a Si
substrate annealed at 575 °C for 40 minutes.

--'1-. "
o S

4.1.1.1 Atomic Force Microscopy of Film Microstructure

As discussed in section 3.2.2, the scanning probe microscopy of the films
using the nanoindenter is limited by size of the Berkovich tip. A tip radius of 150
nm limits the scan resolution to approximately 150 nm. In addition, the non-
symmetrical geometry of the Berkovich tip results in artificial topographic
features, e.g. the previously mentioned triangular grains in Figure 4-1(b). The
resolution of the topographic scans was improved by an order of magnitude by
using an AFM with a tip radius of approximately 10 nm.

The sensitivity of the AFM probe allows images to be taken with higher
resolution, yet the sharper AFM tip is less robust than the nanoindenter tip which
makes quality imaging more difficult. The fragility of an AFM probe makes it
susceptible to damage. Imaging a relatively hard (i.e., ceramic) or relatively
rough (i.e., features varying in vertical direction by more than 500 nm) can cause

the tip to become blunted or the cantilever to become cracked. This results in
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the potential for images containing artifacts. These problems are mitigated by
running the scans in non-contact or tapping (intermittent contact) mode, where
the distance between the tip and sample are great enough so that the dominating
forces are attractive in nature. Figure 4-2 displays the images taken on a bilayer
NiTi film on a Si substrate. The film appeared to contain oblong-shaped grains
that were approximately 100-200 nm long. This unusual microstructure
prompted the recalibration of the tip on a Au film standard. Tests on the
calibration sample again showed the existence of the oblong features instead of

the expected spherical grain structure, indicating that the AFM probe was

damaged and that the oblong-shape was an artifact of this damage.

32.33nm

0. 00nm

0.2 5um 0. 4%

Figure 4-2. AFM images of a Si/1 um Nis, Tise/0.5 um Ni47Ti53 bilayer film taken with a damaged
AFM probe. The left image (2 um) shows oblong-shaped grains, the right image (0.5 um) is a
zoomed-in view.

Rescanning the Au standard film with a new tip showed the expected

grain structure; the results can be seen in Figure 4-3.
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Figure 4-3. 2 um AFM image of a Au film calibration sample.

Rescanning the NiTi bilayer film with the new AFM probe revealed a much
different and expected microstructure (see Figure 4-4). The images show
approximately 50 nm spherically-shaped grains, which was consistent with scans
of NiTi films processed under similar conditions. The fine grain structure of the

NiTi films is likely a result of the fast annealing process.

30, 55nm

2. 00um 0. 00um 0.2 5 0. S0um

Figure 4-4. AFM images of a Si/1 um NisyTige/0.5 um Nig7Tisz bilayer film using a new AFM
probe. The leftimage is a 2 um scan and the right image is a 0.5 um zoomed-in view.

The main focus of the film processing technique was to create a

composition gradient through diffusion. The annealing time was limited to

66



produce a well-defined gradient over a distance of 100-500 nm from the
interface, instead of the constant composition across the interface that would
result from a slower annealing process. Therefore, the samples were only held
above their crystallization temperature for 30-60 min, leaving little time for the
grains to grow.

The effects of the annealing time were studied in greater detail by imaging
the NiTi film shown in Figure 4-1a using AFM. The result of the scan can be
found in Figure 4-5. The area highlighted was observed in greater detail in
Figure 4-6, and studied in even greater detail in Figure 4-7. Relatively small
grains (20-50 nm) that appear in the background of the AFM scans were not
picked up by the nanoindenter probe.

It can also be seen that using the sharper AFM tip removes the triangular
grain shape artifacts that are seen with the Nanoindentation SPM. However,
when the size of the grains are above the resolution limit of the Nanoindentation
SPM (150 nm), the resulting grain size obtained with the AFM was identical. This
indicated that Nanoindentation SPM is adequate for resolving the size of larger
grains, but for smaller grain sizes and precise morphology characterization the
AFM must be used. Since the latter case only occurs in the initial stage of the
crystallization process, Nanoindentation SPM will be generally adequate for

confirming the grain structure of the films.
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5. 00um

Figure 4-5. AFM scan of the Nis;Tiss film on a Si substrate seen in Figure 4-1a. See Figure 4-6
for close up of highlighted area.

26. 10m

0.00nm

2. 00ur

Figure 4-6. 2 um AFM scan of the white box in Figure 4-5. Figure 4-7 shows a close up of the
highlighted area.
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Figure 4-7. 0.75 um AFM scan close up of the white box in Figure 4-6.

4.1.2. Depth Profiling of Graded Films using AES

The ratio of Ni to Ti is a key parameter in the design of NiTi SMAs
because it controls the temperature at which the martensite-to-austenite
transformation occurs. The transformation temperature of equiatomic NiTi is
known to be close to room temperature. However, a slight deviation in the
composition can have a dramatic effect; raising the Ni content by approximately
0.2 at. % has been shown to lower the transformation temperature by as much
as 25 °C [53].

The composition of NiTi films was analyzed as a function of depth into the
film using AES. The results of an AES test on a NiTi bilayer film before
annealing (i.e., as deposited) can be seen in Figure 4-8. Ni, Ti, C, O and Si

species were detected in the test. Viewing the depth profile from left to right, a
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sharp interface between the sputtered NiTi layer and the substrate can be seen

at approximately 200 nm. This is the expected result, given the relatively low

temperature of the substrate during deposition. A thermocouple placed on the

substrate during the sputtering process showed that the film ranged from 25 °C
(at onset) to 100 °C (at completion), well below the temperature required to
cause any measurable diffusion across the film-film interface. The movement of
the film-substrate interface can be approximated using equations 14 and 15 in
section 4.2.3, with a pre-exponential factor and activation energy of 2x107 m?s™
and 142 kJ-mol™, respectively. Assuming that the temperature of the film was
373 K for the duration of the deposition process (high end of the estimate), the
diffusion length of the original film-substrate interface is less than 1 nm. At a

depth of approximately 2.5 um the Ni and Ti signals drop off, and the silicon

substrate becomes the dominant chemical response.
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Figure 4-8. AES depth profile of a 200 nm Nig;Tiss film on a 1600 nm Nis,Tigg film on a Si
substrate as deposited (horizontal lines denote 52 at. % Ni (large blue dash) and 48 at. % Ti

(small red dash)).
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The sharp interface between the films before annealing is expected,
however the atomic percent measured as a function of depth was not the
expected result. The results varied absolutely between 3-10% of the expected
atomic percent from the sputtering targets. This could be due to the poor
sputtering yield of the titanium that occurs during the deposition process, or
during the profiling. The assumption of the depth profile is that the material is
sputtered away at a rate similar to that of the calibrated SiO, standard, which
affects both the depth and the relative composition that are reported. In addition,
it is possible that the AES measurement itself is affecting the material. While the
sharp interface near 200 nm is expected, the interface between the bilayer film
and the Si substrate was at 2500 nm rather than the expected 1800 nm.
Furthermore, the interface is not as sharp as the initial bilayer interface, with an
extent of nearly 300 nm. This is not expected since the substrate is quite flat
(roughness measured at 5 nm by AFM), and there should be no diffusion given
the sputtering conditions used during deposition. Therefore, the AES depth
profiling was used mainly as a qualitative measure of the compositional variation
in this investigation.

An AES depth profile on an annealed film can be seen in be seen in
Figure 4-9. The sample tested was a 200 nm Nis7Tisz film on a 800 nm NiszTisg
substrate that was annealed at 550 °C for 30 min. As indicated previously, the
actual atomic percent of the film as a function of depth can not be stated
quantitatively, due to the assumption that the Ni and Ti species sputter at the

same rate as the SiO, standard. In addition, the interface between the film and
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Si substrate occurs at 800 nm, instead of the expected depth of 1 um. However,
a clear difference in the AES response can be seen in the annealed film when
compared to the unannealed sample. A compositional gradient can be seen over
the first 150 nm of the film as a result of the diffusion process. This variation in
composition near the surface of the film will cause the transformation
temperature to vary as well. The transformation temperature of equiatomic NiTi is
known to be close to room temperature. However, a slight deviation in the
composition can have a dramatic effect; altering the composition by as little as
0.2 at. % has been shown to shift the transformation temperature by as much as

25 °C [53]. Therefore, it is expected that these graded films will display the two-

way SME.
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Figure 4-9. AES depth profile of a 200 nm Ni;Tisz film on an 800 nm Nig,Tigg film on a Si
substrate after annealing (horizontal lines denote 52 at. % Ni (large blue dash) and 48 at. % Ti
(small red dash)).
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The impurity level in the films is significantly higher after they have been
annealed. This is likely due to the outgassing of the heater during the annealing
process. This is important because impurities will reduce or prevent the SME in
the films. The impurities also cause the films to lose ductility which can decrease
their effectiveness as an actuation due to the difficulties associated with handling
and manipulating a brittle material. However, the impurity level in the annealed
films can be reduced by cleaning the substrates with ethanol prior to deposition
and maintaining a clean sputtering chamber. In addition, the annealing time
should be limited in order to limit the distance that the impurities can diffuse into
the film. It is also important to point out that at the film-substrate interface, the
extent of the variation is almost identical to the unannealed specimen. Therefore,
this is some indication that this variation is not due to diffusion, but rather some
artifact of the measurement process.

Figure 4-10 shows an AES profile of a bilayer film that was subject to a
relatively long annealing process. While most of the films prepared in this study
were annealed for 30-40 min, the bilayer film shown in the figure below was
annealed for over 2 hr. As a result, the film showed a relatively complex AES
response. Gradients in the atomic percent of Ni and Ti are present, which is the
desired result; however, the impurity levels are much higher than the films
annealed for 30-40 min. In addition, the Si substrate appears to have diffused
close to 1 um into the film. As a result, this film was extremely brittle and came

free from the substrate after repeated handling. Thus, the annealing time will be
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limited in order to maintain film quality, which will also limit the gradient

architectures that can be formed using the diffusion modification method.
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Figure 4-10. AES depth profile of a 500 nm Ni;Tiss film on a 1000 nm Nis,Tigg film on a Si
substrate after annealing at 550 C for 2 hrs (horizontal lines denote 52 at. % Ni (large blue dash)
and 48 at. % Ti (small red dash)).

4.1.3. XRD Characterization of Crystal Structure

The crystal structure of the films was examined using X-ray diffraction
(Powder Diffractometer, Bruker D8 Advance with GADDS, chemistry department
at the University of Maryland). Tests on the untreated NisgTis4 Substrate revealed
an amorphous structure. The annealed substrate was found to be
polycrystalline, consisting of small amounts of monoclinic martensite with
primarily cubic austenite phases (Figure 4-11). For comparison, XRD tests on

the silicon substrate revealed a single crystal response.
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As deposited the films are amorphous, as seen by the broad peak in
Figure 4-12. After the annealing process, the film-substrate system shows an
increased austenite peak as well as two new small martensite peaks. A film
deposited onto a Si (100) wafer under the same sputtering and annealing

conditions showed a similar XRD response.
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Figure 4-11. X-ray diffraction results of the bare NissTiy4 Substrate after the annealing process.
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Figure 4-12. X-ray diffraction results of a 1600nm Ni,;Tisz film on NisgTiss substrate before and
after annealing.

The presence of increased austenite at the surface of the film suggests
less martensitic rearrangement when subject to applied stress. Therefore, we
expect the shape memory effect to be relatively small at the austenite-rich film
surface and increasing as we approach the film-substrate interface. As
discussed in XRD experimental section, the presence of residual stresses in the
films can complicate the diffraction response. A strain on a given crystal will
distort the lattice to some extent and produce a resulting shift in the diffraction
peaks. Several of the established austenite and martensite peaks fall within a
range of 26 equal to 3-4 degrees, thus a shifted peak due to a strained lattice
could easily be mistaken for an altogether different crystal peak. However, the
XRD results show that both the film and substrate are highly austenitic. There is
an increase in the amount of martensite in the substrates, but the relative amount

is small. In addition, the diffusion process is expected to relieve some of the
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stress, as the abrupt interface between film and substrate is replaced by a
gradual graded layer.

As mentioned in the experimental section, XRD will only provide a bulk
response to the crystal structure in the films. This is particularly important for the
case of a graded structure, where the crystal structure varies as a function of
depth. The majority of the films processed in this study consisted primarily of the
austenite phase, the expected result for Ti-rich films at room temperature.
However, the graded region was expected to pass through the equiatomic
elemental composition where the martensite phase is present at room
temperature. AES of the NiTi films showed a gradient in composition that passes
through this region, although the exact depth at which the equiatomic
composition occurred could not be pinpointed due to limitations of the depth
profiling.

4.2. Indirect Characterization of SMA Films using
Nanoindentation

4.2.1. Nanoindentation of Homogeneous SMA Films on Si Substrates

The mechanical properties of a commercially-available (TiNi alloy co.,
Oakland, CA) 2 um thick NisoTiso film on a Si substrate were tested using a
Hysitron Nanoindentation system. The films were in the martensite phase at
room temperature [34]. The peak load was varied, while maintaining a constant
loading rate, at different spatial locations within a 20 um square site on the film.
This allowed the mechanical properties to be measured at various contact

depths. Figure 4-13 shows a SPM image of the indent array taken using the
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nanoindenter. The relief on the surface is due to the arrangement of the
martensite variants. As will be shown in section 4.4.2.2, the surface relief
disappears as the film is heated to the high-temperature austenite phase.

Figure 4-14 displays the results of the nanoindentation test on the
commercial NisoTiso film. The reduced modulus as a function of contact depth is
fairly constant. The scatter in the data can be attributed to the surface relief of
the martensite variants. The constant modulus as a function of indent depth is
the expected result for a homogeneous film, where the contact depths are less
than 10% of the film thickness. It should be noted that the maximum indentation
depth is on the border of the 10% rule and that deeper indents would be
expected to begin showing a stiffer response as the Si substrate (E ~ 170 GPa)

is approached [37].

574.7

287.4

0o
Image Scan Size: 30,000 pm

Figure 4-13. Nanoindentation SPM image of a nanoindentation array on a commercial 2 um
Niso Tiso film on a Si substrate. The relief on the surface of the films is due to the arrangement of
the martensite variants.
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Figure 4-14. Reduced modulus as a function of contact depth for a 2 um NigoTisg film on a Si
substrate. The results are compared to indentation results on a graded 400 nm Ni47Tis3 film on a
Nisg Tisq SUbStrate.

For comparison, the results of a test on a graded 400 nm Ni47 Tisz film on a
Nisg Tis4 Substrate is also included in Figure 4-14. The modulus of the graded film
decreases as the indentation depth increases. This is a combined result of a
gradient in mechanical properties in the film, substrate effects and mechanically
induced phase transformations that occur during indentation. This relatively
complex result will be discussed in detail in the following sections devoted to

nanoindentation of graded SMA films.

4.2.2. Nanoindentation of Graded SMA Films on NiTi Substrates
The hardness and elastic modulus of the films, at various depths relative
to the film-substrate interface, were measured using nanoindentation. A 40 um x
40 um area located near the center of the film was first imaged using SPM to

ensure that the measurements were made on a relatively flat area. Indents were
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made in an 8 x 8 grid, increasing the peak load for each successive
measurement, as described in the experimental nanoindentation section. Figure
4-15a show an SPM images of a Nis;Tisz film on a polished NisgTiss Substrate,
after the indentation process. The roughness of the film is slightly higher than
the films sputtered onto the silicon substrate (~ 40 nm) (Figure 4-15b), due to the
limitations of the mechanical polish (~ 50 nm versus the initial ~5 nm roughness
of the Si substrate). There is also evidence of the martensite variants seen in the
commercial film. As a result, the data will be more scattered in the former case

because a number of the indents will be on the side of a relative hill or valley.

135.2

2 x - 0.0
Image Scan Size: 40.000 prm Image Scan Size: 40.000 pm

(a) (b)
Figure 4-15. SPM image of an annealed 800 nm Ni4;Tiss film on a (a) polished NisgTisq ribbon
and (b) a Si substrate. Note the presence of martensite variants and greater roughness
associated with the surface of the film on the polished ribbon.

To determine the elastic modulus of the films, equation 4 was used. The
Poisson’s ratio of the film and tip were assumed to be 0.3 and 0.07, respectively,
while the modulus of the tip was assumed to be 1141 GPa [65]. The elastic
modulus as a function of contact depth can be seen in Figure 4-16 for

amorphous films of varying thickness. Figure 4-17 displays the results for films
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annealed at 575 °C for 40 min. The graded films show a more compliant
response as the indentation depth increases. This is due to substrate effects as
well as the variations in the composition, crystal structure and thus the
mechanical properties of the film. As for the unannealed (amorphous) films, the
trend of decreasing elastic modulus with increasing indentation depth is likely
due to substrate effects alone. However, the data appear to show a related
response, suggesting that the measurement on films of varying thickness may be
self-similar. The distance to the film-substrate interface is the fundamental
difference between the films of varying thickness. This information will be used
in the subsequent sections to characterize the extent of the graded interface via

the thickness-normalized parameter, h* previously defined in equation 9.
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Figure 4-16. Elastic modulus as a function of contact depth for an amorphous Ni47Tis3 film on a
NisgTiss Substrate.
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Figure 4-17. Elastic modulus as a function of contact depth for a Niy7Tis3 film on a NiggTigq

substrate that was annealed at 575 C for 40 minutes.

4.2.3. Characterization of Graded Interface of Modified NiTi Substrate

The diffusion interface of graded SMA films was characterized by studying
the indentation response of NisgTis4 substrates modified with Nis7 Tiss films. Figure
4-18 and Figure 4-19 display the results of the nanoindentation tests on films of
varying thickness for the samples before annealing and after annealing. The
elastic modulus and hardness are plotted as a function of normalized contact
depth, h* according to equation 9. Here h. is the contact depth of indentation
and t is the film thickness before annealing. All of the films become more
compliant as the indentation depth increases and substrate contributions become

more prevalent. The trend is less severe in the annealed case due to the lesser

elastic modulus mismatch between the crystallized film and substrate.
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The challenge in interpreting the indentation curves is to differentiate the
indentation behavior of the film from that of the substrate. It is anticipated that an
austenite-rich film will be stiffer than the substrate because the austenite phase is
2-3 times stiffer than the martensite phase. Annealing the substrate also causes
the elastic moduli to drop by approximately 10 GPa due to the recrystallization of
the highly stressed structure in the as-received substrate. The heat treatment
also causes the average hardness of the bare substrate to decrease by
approximately 1 GPa over the same range of contact depths. The hardness
decreases with respect to increasing indentation depth which is likely due to both

indentation size effects and substrate effects.
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Figure 4-18. Elastic modulus as a function of normalized contact depth for (a) amorphous films
as deposited, and (b) crystallized films after annealing. h* is the normalized contact depth given
in Equation 9. Note that the self-similarity breaks for the 800 nm and 1600 nm annealed films. h*
< 1 corresponds to contact depths less than the film thickness. Trends in the data are indicated
by dotted lines.
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Figure 4-19. Hardness as a function of normalized contact depth for (a) amorphous films as
deposited, and (b) crystallized films after annealing. h* is the normalized contact depth given in
Equation 9. Note that the self-similarity breaks for the 800 nm and 1600 nm annealed films. h* <
1 corresponds to contact depths less than the film thickness. Trends in the data are indicated by
dotted lines.

Residual stresses due to the inhomogeneity that exists between the film
and substrate may also complicate the indentation response by modifying the

resistance of the material to deformation [90, 91]. However, the effect is
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estimated to be well below the plateau stress level for martensite and austenite
due to similarities in the properties and composition of the film and substrate [13].
As discussed earlier, the diffusion process is also anticipated to reduce the level
of residual stress even further as an equilibrium state is approached via the
compositional gradient.

Before heat treatment, the data from the films of varying thickness all lie
along the same curve. The hardness and elastic modulus data for all non-
annealed films are self-similar because the measurements are a response from
two layer systems (amorphous film and bulk substrate). After heat treatment, the
200 nm and 400 nm films fall along the same curve but this self-similarity
deviates for the two thicker films. This can be attributed to the creation of a third
layer at the surface of the film that is stiffer and harder than the substrate (Figure
4-20). The time allowed for annealing is insufficient for the diffusing species from
the substrate to reach the surface of the 800 nm and 1600 nm films. This
effectively creates a three-layer system consisting of the bulk substrate, an
intermediate graded layer, followed by a homogeneous crystallized layer [92].

A diffusion coefficient D can be estimated using dimensional analysis with
the characteristic length as the approximate thickness at which the self-similarity
of the annealed films deviate (/ = 500 nm) and the characteristic time as the

annealing time at the maximum temperature (t = 2500 s)

2 2

D=l—=1><10 — 14

This value is consistent with reported diffusion coefficients for similar NiTi

systems [93-96]. Assuming an Arrhenius relationship,
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Here we use the pre-exponential factor D, = 2x107 m?s™ and the activation
energy Q = 142 kJ-mol™” reported by Bastin et al., where kg is the Boltzmann

constant (1.38x10% J-K) and T is the annealing temperature (850 K).
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Figure 4-20. Schematic of graded annealed film (a) less than 500 nm and (b) greater than
500nm. Note the presence of a third homogeneous layer in (b) that results from an annealing
time insufficient for diffusing species to reach the surface of the film.

This result highlights the strength of the diffusion modification technique
developed in this work to process graded SMA films. A film is deposited onto
another film or onto a bulk surface of a dissimilar elemental composition. The
film thickness and annealing parameters (time and temperature) will control the
characteristics of the graded interface resulting from the diffusion process. In this

way, films can be designed with specific gradients, tailored for a specific
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application. The diffusion interface can then be characterized using the

nanoindentation technique described above.

4.3. Modeling of Nanoindentation Response in Graded SMA
Films

4.3.1. Determining the Extent of the Composition Gradient due to
Diffusion Modification

The self-similarity of the indentation response of the films was modified to
model gradient effects in order to characterize the extent of the graded interface
[97]. However, the response itself is a complicated function of the gradient in
mechanical properties, substrate effects and mechanically induced phase
transformations. In order to better understand the similarity of a two-layer
system, the scaling law was modified to account for the movement of the film-
substrate interface due to diffusion as follows:

W= (h, +y*(t—d,))(t+d,)) 16
where d; is a shift factor for the thickness that is related to the diffusion of the
film-substrate interface into the substrate, d- is a shift factor for the indentation
depth related to the diffusion of the film-substrate interface into the film (see
Figure 4-21). yis a coefficient that scales the relative contribution of the

unmodified portion of the film, t-d, to the indentation response.
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Figure 4-21. Schematic of diffusion interface in graded film as a result of the annealing process.

The results obtained from the modified form of the scaling law in equation
16 for the annealed films can be seen in Figure 4-22 using a shift factor d; of
1000 nm, a shift factor d> of 600 nm and a scaling factor y of 0.1 that “collapses”
the data onto a single curve. d; and d- are not equal due to the different rates of
diffusion of Ni-rich NiTi into Ti-rich NiTi in relation to the diffusion of a Ti-rich NiTi
into Ni-rich NiTi. The shift factor do provided a quantitative way to characterize
the graded interface.

The curve in Figure 4-22 can be described using a power law, which tends
toward a substrate modulus of 38 GPA. The power-law fit describes the effects
of the compositional gradient on the nanoindentation behavior of the SMA films
when the film-substrate interface propagates 1000 nm into the substrate. The
self-similarity principle permits the mechanical properties of the graded SMAs to
be resolved further into substrate, beyond the contact depth of the indenter

probe.
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Figure 4-22. Elastic modulus as a function of indentation depth after normalizing each film
thickness using the modified self-similarity formula in Equation 16.

4.3.2. Predicting the Nanoindentation Response on Graded Films

While the modified scaling principle is capable of relating the diffusion
modification for films of varying thickness, it does not predict the nanoindentation
response due to the compositional gradient. For that, it is necessary to perform a
more detailed analysis that accounts for the combined response of the gradient
in properties of the film as well as the properties of the substrate. Saha and Nix
developed a model that was used to predict the elastic response of a
homogeneous, non-active film on an elastically mismatched substrate (see
Equation 10). This analysis permits the measurement of the film at contact
depths up 0.5¢, a substantial increase beyond the 0.1t limit that is commonly

used. To apply Equation 10, constant properties are assumed throughout the
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thickness of the film. In the case of a graded film, the properties must be
considered at each point below the tip. In addition, the austenite phase may
undergo an isothermal transformation underneath the tip upon being subjected to
a critical stress. This is important because the measurement is taken during
unloading, at which point the elastic properties have been changed from their
initial state.

The Saha/Nix analysis was modified to account for a graded and active
structure. In order to use Equation 10, it was necessary to determine the extent
of the transformed film. From previous research, the indentation of a
homogeneous phase-transforming film can be divided into a transformed region
and an untransformed region using Equation 1 [34]. Within the transformed
region, the modulus of the film is expected to be equivalent to the transformed
phase, while outside this region it is determined by the property gradient in the

film (see Figure 4-23).

Figure 4-23. Schematic of the indentation of a graded and actively transforming film.
The elastic indentation behavior of the bare substrates and graded films

were described by taking,

—a(d—h)
a1 :(l_yfz). 1 1|4 e @ 17
dz\ E, ' E, E,) dz

and then integrating from the substrate as follows,
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As stated previously, the properties of the film between the indenter and the
transformation interface, c, are taken to be that of the transformed phase, while
the properties between the interface and the interface between the film and
substrate are those associated with the gradient microstructure. For simplicity,
the analysis is applied in one-dimension, normal to the surface of the film.

The analysis was first verified by applying equation 18 to a passive (i.e.,
no phase transformations occur under the tip during loading) copper-nickel
multilayer film on a silicon substrate. The specimen consisted of 10 alternating
layers of Cu and Ni, beginning with a Cu layer, with each film approximately 50

nm thick (see Figure 4-24).

/50 nm Cu

.................................................. \

50 nm Ni

500 MM | i

Si substrate

Figure 4-24. Schematic of the multilayer Cu-Ni film, which consisted of alternating 50 nm layers
deposited onto a Si substrate.

The Cu-Ni system was chosen because the elastic properties between the

two materials are sufficiently different to cause the indentation response to vary
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as a function of depth. To predict the indentation response, an elastic modulus
of 135 GPa and 210 GPa were used for the Cu and Ni layers, respectively, while
an elastic modulus of 170 GPa was used for the Si substrate [98, 99]. Infinitely
sharp interfaces were assumed to exist between the layers since a negligible
amount of diffusion was expected to occur at room temperature (temperature at
which the films were processed). The specimen was indented in the same
manner as the approach taken for the graded films, with the peak load varying at
different spatial locations while maintaining a constant loading rate.

The results of the nanoindentation test, the initial elastic distribution and
the predicted elastic response can be seen in Figure 4-25. The initial indents
below 50 nm are dominated by the first Cu film, but the response becomes stiffer
as the contact depth increases and the first Ni film becomes more significant.
The scatter in the data below 50 nm can be attributed to tip effects, which
typically occur for indents less than 1/3 of the radius of curvature of the probe
(150 nm berkovich tip). The response becomes more compliant as the Ni film is
penetrated and the second Cu film becomes more dominant. The elastic
response overall tends closer to the properties of Cu rather than Ni, because the

top film was a Cu layer.
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Figure 4-25. Results of indentation test on a multilayer Cu-Ni film on Si substrate. The film
consisted of 10 alternating 50 nm layers of Cu and Ni. The plot also includes the initial elastic
distribution and the predicted indentation response.

The analysis predicted the indentation response on the passive film
system well, so equation 18 was then applied to the active graded SMA films.
For the bare substrate, the film-substrate interface coincides with the
transformation interface. A modulus of 38 GPa was used for the transformed
phase, and a modulus of 75 GPa, and transformation stress of 400 MPa was
used for the untransformed substrate in a partially-austenitic state. To apply
Equation 17 to the graded SMA films, it was also necessary to account for the
initial compositional gradient in the films. Therefore, the results from the
following equation for the diffusion lengths were used to determine the
compositional gradient on either side of the initial interface using the classical

diffusion solution for a bi-material interface:
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Cx)-C, 1= erf( X
C,-C, 2AD-T

Here, Cs is the average composition at the interface, C, is the composition away

) 19

from the boundary at distance x from the initial interface, D is the diffusion
coefficient on the side of the interface at the annealing temperature T, and zis
the annealing time. A previous study indicated that the diffusion rate was similar
to other NiTi systems that assume an Arrhenius relationship with a coefficient of
2x107 m?s™ and activation energy of 142 kJ-mol". The results are consistent
with the shift factors used in Equation 16.

Using the composition gradient from Equation 19, it is then possible to
utilize the relationship between films with homogeneous compositions and the
annealed structure of the homogeneous films to determine the initial variation of
the untransformed modulus, E, with respect to depth, z, and martensite volume
fraction, ¢ via a classical Rule-of-Mixtures Formulation [100]:

E(5(2)=E,+S(2)(E, —E,) 20
where E, is the modulus of austenite, and Ey is the modulus of martensite. The
resulting initial variation of the martensite volume fraction with film depth after
annealing can be seen in Figure 4-26, while the corresponding elastic modulus

distribution calculated from Equation 20 can be seen in Figure 4-27.
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Figure 4-26. Initial distribution of martensite in the film as a result of the composition gradient.
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Figure 4-27. Corresponding expected elastic modulus in film as a result of composition gradient.

A similar prediction can also be made for the transformation stress. The

predicted reduced modulus as a function of contact depth can be seen in Figure
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4-28. Note that the untransformed phase of the film is stiffer than the substrate,
corresponding to a value of 120 GPa, the modulus associated with the fully
austenitic state, and also indicates that the substrate is not fully austenitic. The
transformation properties of the homogeneous films were also found to have a
dependence on the martensite volume fraction similar to those reported for NiTi
thin films by Lexcellent et al [101]. The predicted fits using Equation 18

correlated well with the experimental data.
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Figure 4-28. Reduced modulus variation with respect to indentation depth determined using the
modified Saha/Nix equation and the initial properties determined from the martensite volume
fraction in Figure 4-26.
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4.4. Characterizing Recovery of Deformation in SMA Films

4.4.1. A posteriori Nanoindentation SPM characterization of recovery
after heating: Characterizing one-way SME

To explore the effects of self-assembled material gradients on the film’s
SME, the recovery of deformation from indentation was characterized a posteriori
after heating [34]. Figure 4-29 shows an indent targeted for shape memory
measurements. The sample tested was an annealed 1 um Nis7Tis3 film on a Si
(100) substrate. A height profile was taken across the deepest section of the

Berkovich indent.
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Figure 4-29. SPM image of an annealed 1 um Niy;Tis3 film on a Si (100) substrate taken using
the nanoindenter. A height profile of the image was taken across the deepest portion of the
indent.

The sample was heated in a furnace, replaced in the nanoindenter, and
rescanned. The same line across the deepest portion of the indent was again
targeted and the change in the height profile was observed. The results for the

various heat treatments can be seen in Figure 4-30.
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Figure 4-30. Height profile taken from a SPM image of an annealed 1 um Nig;Tisz film on a Si
(100) substrate after various heat treatments.

Note that the units on horizontal and vertical axes are not the same. The
actual indent is significantly shallower than it appears in the figure. The data are
displayed in this way to emphasize the change in the maximum depth of the
indent. The recovery of deformation R was established by calculating the
change in the average height relative to the initial indent 4h, and then dividing by

the average height of the initial indent h;.
R=— 1)

The average height of the indent refers to the vertical distance between bottom of
the indent and the average height of the right and left corners of the top of the
indent. Changes in the horizontal aspects of the indent were neglected. A
summary of the recovery measurements for the various heat treatments can be

seen in Figure 4-31.
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Figure 4-31. Recovery of initial deformation as a function of heat treatment temperature for an
annealed 1 pm NiyTis3 film on Si (100) substrate. The final recovery was found to be
approximately 35%.

The initial scan was performed immediately following indentation at room
temperature. The indent was scanned a second time to find the recovery at
room temperature; the initial recovery was found to be essentially zero, as
expected. Subsequent scans were performed after removing the sample,
heating it in a furnace, replacing the sample in the nanoindenter, and finding the
indent of interest. The first heat treatment of 40°C produced a recovery of
approximately 0.15. The heat treatment of 60°C produced a recovery of
approximately 0.20, while the next treatment at 80°C generated very little
additional recovery. The last heat treatment at 100°C yielded a final recovery of
approximately 0.35.

In previous studies with titanium-rich nitinol films, Wibowo et al. showed
that an increase in titanium content from the equiatomic composition resulted in

an increase in the transformation temperature [53]. At a composition of 51.7%
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titanium, the transformation temperature was approximately 45°C. Therefore, we
expect the 53% titanium films used in this study to have a transformation
temperature above 45°C. It should also be noted that the recovery measured
using this method was permanent. Tests performed on compositionally-graded
SMA films showed no apparent recovery because the recovery was realized in
the furnace, while the scans were run at room temperature where the indents
had possibly reformed. Therefore, this technique is limited to characterizing films
that display the one-way SME. This limitation will be addressed in the following
section where a method for characterizing recovery in situ is discussed.

Besides the inherent limitation to testing one-way SMA films, there are two
other main difficulties with this experimental approach. One limitation in this
method is the size of the indenter tip. The radius of curvature of the Berkovich tip
used in this study is approximately 150 nm. Therefore, the images taken with the
nanoindenter tip will be a function of the size and geometry of the Berkovich
probe. This limits the amount of information that can be found using this
technique. The second challenge with this approach is the rotation of the indent
with respect to the probe that occurs when the sample is removed for heat
treatments and then replaced for subsequent scans. The Berkovich tip geometry
will cause a deviation in the apparent indent depth if the sample is not aligned
consistently. This method can be improved upon by scanning the indents with a
smaller probe. This will improve the accuracy of the height measurements as the

tip will be able to trace the indents with much higher accuracy. Using an
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axisymmetric tip will make imaging less dependent on the orientation of the

sample with respect to the indenter.

4.4.2. AFM with In Situ Heating: Characterizing Two-Way SME

The inherent limitations with the original technique were improved by
using an atomic force microscope with an integrated heating stage [102, 103].
This enhanced method reduced or eliminated several deficiencies with the
originally proposed technique. First, the accuracy associated with the new
technique was greatly improved due to the reduction in tip size. The radius of
curvature of the AFM probes used was approximately an order of magnitude
smaller than the radius of the nanoindenter tip. Second, the error involved in
imaging with the asymmetric nanoindenter probe was eliminated with the use of
the symmetric conical AFM probe. Third, the in situ capability of the improved
technique eliminated the potential errors associated with physically handling the
specimens several times per experiment. This prevented the indent array from
rotating and also avoided wear on the specimens. Lastly, the in situ capability of
the AFM technique expanded the amount of information made available during
the measurement.

The original method was limited to gathering information at room
temperature; this is sufficient for observing the final recovery of the indent, which
is important for characterizing the one-way SME. However, this method fails to
detect phenomena associated with the two-way SME because information about
the indent height at any point other than room temperature is unavailable. For

example, a film that displays a perfect two-way SME, that is, the indent recovers
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a certain percentage of the original deformation at a higher temperature, but
returns to its original height at room temperature, would appear to be a standard
passive material. The improved method allows for the recovery to be observed

at each temperature interval, allowing the two-way SME to be characterized.

4.4.2.1 Calibration of New in situ Technique using Gold Films

The indent array in the gold film first tested to ensure that the observed
recovery in subsequent tests on the active films was solely due to the SME and
not an artifact of the AFM measurement. Figure 4-32 displays the indent array in

the gold reference sample at 300 K.

440, 17mn

0. 00nrm

0. O 12 50um 25, O
Figure 4-32. AFM scan of indent array in Au film. The scan area is 25 um by 25 um.

The recovery of the indents was defined as

R=— (22)

where h; was the initial maximum indent depth and h was the current maximum

indent depth. Figure 4-33 shows the results of the recovery tests on the passive
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reference sample. As expected, the data showed no clear trends over the tested

temperature range. The measured recovery varied largely between +/- 5%.
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Figure 4-33. Recovery as a function of indent depth in a gold film for the temperature range
tested for the active materials.

The recovery for indents less than approximately 100 nm was more
scattered because the uncertainty in the measurement is magnified by the way
the recovery is being defined. The recovery tests on the passive film also

provided a general idea for the error associated with the measurement (~5-10%).

4.4.2.2 Applying in situ Technique to Active Films

The negligible recovery observed in the passive films justified the use of
the method for characterizing the SME in actively-transforming films [104].
Figure 4-34 shows AFM scans of the homogeneous NiTi film in the low-

temperature martensite state and the high-temperature austenite state. Surface
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relief of the martensitic variants on the surface was apparent at 300 K, due to the

stress caused during the annealing process.

300K

200 nm 150 nm

0 nm 0 nm

Figure 4-34. AFM scans of a homogeneous NiTi film in the low-temperature martensite state
(left) and high-temperature austenite state (right).

At 350 K, the surface was relatively smooth, as the film had been
transformed to the high-temperature austenite phase. This effect can be further
explained by again referencing Figure 2-1 from the literature review section. The
morphology of the graded films did not show this same effect due to the high
initial austenite presence at the surface (see Figure 4-35). However, the indents
in the graded film still varied as the temperature was changed.

The homogeneous and graded films showed distinctly different shape
memory behavior. Figure 4-36 shows the maximum indent recovery observed in
both the graded and homogeneous films as a function of indentation depth. The

data were fit with linear trends to show the dependence on contact depth.
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Figure 4-35. AFM scans of a graded 400 nm Niy; Tiss film on a NisgTis4 substrate at 300 K (left)
and 350 K (right).
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Figure 4-36. Maximum recovery of nanoindents observed in homogeneous film (filled) and
graded film (unfilled). Data are fit to linear trends to indicate the recovery’s dependence on
depth.
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In the case of the homogeneous film, the recovery increased as the
indentation depth decreased. This result has been previously attributed to tip
shape effects. The Berkovich geometry behaves more like a spherical geometry
for shallow indents, due to the bluntness of the tip. As a result, there is less
plastic deformation present in the shallow indents. Instead, a greater volume of
material deforms by martensitic rearrangement, which in turn leads to a higher
recovery. Recovery in the graded film showed no clear dependence on indent
depth, likely because the tip effect for shallow indents is mitigated by the large
austenite content near the surface. Furthermore, recovery in the homogeneous
film appears to be converging towards the graded film between 150 nm to 200
nm, which would be consistent with the aforementioned tip effects. The recovery
in the graded film could likely be improved by adjusting the processing
parameters so as to yield more of the martensite phase near the surface of the

film at room temperature.

4.4.2.3 Studying SME in Individual Nanoindents

Individual indents were also examined to study their height variation in situ
as a function of temperature. Indents in a 2 um homogeneous NiTi film displayed
the one-way SME. Figure 4-37 shows the results of temperature cycle scans for
an indent that was approximately 100 nm deep before testing. Figure 4-38
shows the same test for an indent originally 70 nm deep. These indents, like all
of the other indents in the array, consistently began their recovery at a
temperature of approximately 330 K.  For all indents, the recovery achieved at

350 K was roughly the same as the recovery observed when the film was cooled
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down to room temperature. This is the well known one-way SME seen in

homogeneous SMA films that have not been subjected to training.

Homogenous NiTi Film (100 nm Indent)
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Figure 4-37. Recovery as a function of temperature for a 100 nm indent in a 2 um commercial
homogeneous NisgTisg film on a Si substrate.
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Figure 4-38. Recovery as a function of temperature for a 70 nm indent in a 2 um commercial
homogeneous NisgTisg film on a Si substrate.
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The magnitude of one-way reversible deformation showed a dependence
on indent depth, as discussed in the previous section. In contrast, the
compositionally-graded films displayed the two-way SME. The indent array did
not exhibit the uniform recovery that was observed in the homogeneous film.
Instead, some of the indents showed a two-way effect, while others recovered a
negligible amount. This could be the result of a non-uniform deposition and/or
the annealing process.

Performing the temperature cycle scans on the graded films produced a
distinctly different result. Figure 4-39 shows the results of temperature cycle
scans for an indent that was approximately 100 nm deep before testing. Figure
4-40 shows the same test for an indent originally 70 nm deep. Unlike the abrupt
transformations seen in the homogeneous films, the recovery in the graded films
was more gradual. The variation in composition through the thickness of the film
resulted in a variation in the transformation temperature across the thickness.
The resulting internal stresses are responsible for the two-way SME.

The recovery achieved at 350 K gradually decreased as the films were
cooled, resulting in a final recovery of less than 5%. The graded films displayed
a maximum recovery equal to roughly half that of the homogeneous NiTi film.
The graded films also display a reduced hysteresis. From the individual indent
temperature scans, it appears that the films are recovering deformation with a
hysteresis of 15 °C, approximately half the hysteresis typically associated with
homogeneous NiTi films [12]. This is critical for the design of microactuators,

where a fast response is desirable.
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Figure 4-39. Recovery as a function of temperature for a 100 nm indent in a graded 400 nm
Nis7Tisz film on a Nisg Tiss Substrate.
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Figure 4-40. Recovery as a function of temperature for a 70 nm indent in a graded 400 nm
Ni47Ti53 flmon a Ni56Ti44 substrate.

The results obtained on the graded SMA films highlights the importance of
the new in situ recovery characterization technique. First, conventional
techniques for testing transformation temperatures, such as DSC, are inadequate

for a graded material, where the transformation temperature varies at different
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spatial locations. Second, techniques developed to test transformation behavior
of films at various depths into the sample (i.e., the original recovery
characterization technique discussed in section 4.4.1 or the work of Shaw et. al
[34]) are limited to testing one-way recovery. A sample displaying the two-way
SME will likely be indentified as a passive material because only the initial and
final recoveries are measured, while the information about the recovery as the

temperature is varied is not available.
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5. Conclusions

5.1. Scientific and Technical Contributions

5.1.1. Method for Processing Compositionally-Graded SMA Films with
Intrinsic Two-Way SME using Diffusion Modification

This work is the first attempt at creating compositionally-graded shape
memory alloy thin films using multilayer deposition combined with a diffusion
modification process. The technique was developed by sputter depositing onto a
near equiatomic NiTi film or substrate using a NiTi target of a slightly different
composition. Heating the films was shown to produce diffusion across the film-
film or film-substrate interfaces. Subsequent tests showed that this graded
interface resulted in the films exhibiting an intrinsic two-way SME as fabricated,
an effect only seen in homogeneous films after extensive training. The method
allows different kinds of graded films to be designed by varying the composition

and thickness of the base layers and the time allowed for annealing.

5.1.2. Using Nanoindentation to Characterize Extent of Graded
Interface in Graded Films

A nanoindentation technique was developed that enabled us to rapidly test
the mechanical properties of films at various depths and then predict the extent
of the graded interface. A self-similar relationship between elastic modulus and
contact depth was observed for NiTi films of varying thickness. This similarity
was shown to deviate for films thicker than approximately 500 nm, indicating that

the diffusing species was not given ample time to reach the surface. This cutoff
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film thickness was used as a characteristic diffusion length to approximate the
diffusion coefficient of titanium-rich NiTi migrating into nickel-rich NiTi. Given the
temperature and time of the annealing process, a diffusion coefficient of 107®
m?s™” was predicted. This value agreed (within the same order of magnitude)
with reported diffusion coefficients for a similar NiTi system. The developed

technique also has the potential to be applied to general graded film systems.

5.1.3. Analyzing the Nanoindentation Response on Actively-
Transforming and Graded Films

An analysis was developed that helped advance the understanding of the
nanoindentation response on a graded and phase-transforming thin film. The
analysis was built on a previously-reported theory on the indentation response of
a passive (no ability to change crystal structure under mechanical loading) and
homogeneous film on a substrate with a different elastic modulus. The model
improved on the old analysis by allowing for the properties to vary in the direction
normal to the surface of the film. The model also accounts for the isothermal
phase transformation that can occur during indentation when the mechanical
stress reaches a critical point. The model agreed with experimental results

obtained on a graded NiTi films.

5.1.4. Developing a Nanoscale Technique for Characterizing Recovery
of Inelastic Deformation in SMA films

A nanoscale technique for characterizing the recovery of inelastic
deformation caused by nanoindentation was developed. Arrays of indents of

varying depth were imaged with an AFM equipped with a heating stage. This
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method allowed the heights of the nanoindents to be monitored in situ as the
temperature of the films were varied. The recovery as a function of film
temperature was calculated and used to determine the transformation
temperatures. Tests on a homogeneous NiTi film showed a one-way SME, with
the percent recovered depending on the initial depth of the indent. Tests on a
graded NiTi film showed the two-way SME, with a depth-independent recovery.
This technique is also a combinatorial approach to characterizing recovery in
SMA films. Scanning an array with indents of varying height in situ allows for

rapid characterization and the elimination of separate tests.

5.1.5. Applying in situ Recovery Technique to Characterize Graded
Films: Two-way SME and Reduced Hysteresis

The graded films fabricated in this work were characterized using the in
situ recovery characterization technique. The technique was used to show the
two-way SME of the films that resulted from the compositional gradient. In
addition, the graded films showed a narrower hysteresis when compared to their
homogeneous counterparts. Most homogeneous NiTi films show a hysteresis of
approximately 30 °C [12], while the graded films produced in this study showed a
hysteresis of approximately half of that. This has important applications in the

MEMS community, where high frequency actuators are desirable for actuation.

5.2. Future Work

Throughout this investigation, a number of insights were identified which

require additional work in order to realize their scientific potential.
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5.2.1. Optimize Performance of SMA Films

Optimizing compositional gradient to maximize martensite-to-austentie ratio

To date, the films processed have been highly austenitic at room
temperature which has limited the SME. The SME has been shown to be
optimized for the NiTi system at room temperature around the equiatomic
composition. The graded films sputtered up until now have had a small
equiatomic band near the middle of the graded interface. The intent of this
design was to produce a concentration gradient large enough to cause a
diffusion band of at least a few hundred nanometers. This goal was realized, as
shown by the nanoindentation self-similarity results, but it came at a cost. The
transformation temperature varied along this interface which was responsible for
the two-way SME, but the magnitude of recovery was nearly 50% of the
magnitude recovered in the commercial homogeneous film. This was due to the
relatively small amount of martensite present in the compositional gradient at
room temperature. The films were nanoindented at room temperature, so the
thin band of martensite was the only element available to accommodate the
deformation through martensitic rearrangement.

The films to be processed in the future will be closer to the equiatomic NiTi
composition, meaning that the SME will be more pronounced for the entire
thickness, not limited to the center of the graded interface. This will require using
layers with a difference in composition of around one or two atomic percent,

instead of the eight or nine atomic percent used in this study.
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Produce films with larger grains by using a longer annealing process

The films produced to date have consisted of grains on the order of 50 nm
in size. Films with larger grains (on the order of hundreds of nanometers) will
reduce the number of grain boundaries and improve the overall SME. In
addition, if the grain sizes are large enough so that a nanoindent can be
contained within a single grain, the response of the material may be
approximated as a single crystal. A single crystal greatly simplifies the system
and makes a modeling verification much easier.

A longer annealing process will also compliment the strategy of switching
to a multilayer system with smaller differences in composition. The diffusion
coefficient will be reduced compared to the original system, so the annealing time
will need to be increased in order to get diffusion interfaces comparable to the
original graded films. However, the longer annealing time and larger grain sizes

may also reduce the gradient effect in the films.

5.2.2. Characterize Mechanical Properties of Films Further into Graded
Region

Nanoindent graded films with 40 nm cube corner probe

To date, the films have been indented with a 150 nm radius Berkovich
diamond tip. Given the loading limits of the nanoindenter, this has restricted the
indentation depth to approximately 300 nm for the NiTi system. Testing the
same films with a 40 nm cube corner tip will allow for deeper indents to be made;
the expectation is that indents of 500 nm will be possible with the smaller probe.

In addition to tip size, the included angle of the 40 nm tip is 90°, significantly
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sharper than the 142° angle in the Berkovich geometry. Penetrating deeper into
the film will yield more information about the mechanical properties in the graded
interface and provide more data to verify the theory of indentation on a graded
and active film. The smaller radius of curvature will also reduce the tip size
effects; as a rule of thumb, indents less than 1/3 of the tip radius can be expected
to encounter size effect errors. This threshold is currently at around 50 nm for
the Berkovich tip but could be improved to approximately 10-15 nm with the

smaller cube corner probe.

Nanoindent cross-section of graded films using 40 nm cube corner probe

The smaller cube corner probe will also provide the opportunity to test the
mechanical properties of the cross section of the graded films, instead of relying
on indents normal to the surface of the films. This has the potential to show the
gradient in mechanical properties more directly, provided the area is wide

enough to perform several indents within the interface.

5.2.3. Indent SMA Films with Spherical Probe for Recovery Tests

The technique developed to characterize recovery of inelastic deformation
in the SMA films was complicated by the inconsistent indent geometries due to
tip size effects. For indents smaller than approximately 100 nm, the deformation
was more spherical in shape due to the bluntness of the tip. Conversely, indents
larger than 100 nm were shaped more like the pyramidal Berkovich geometry.
The larger indents were found to recover less deformation, which was attributed

to the higher percentage of plastic deformation associated with the sharper
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indent. This can be avoided by indenting the films with a spherical indenter.
Indents of all sizes will have the same semi-spherical geometry, thus making it
easier to compare the recovery in indents of varying size. However, the tips will

not be able to penetrate as far into the films with the spherical indenter.

5.2.4. Implement Graded Film into MEMS Device

The two-way SME was successfully demonstrated for the graded NiTi
films, as shown by the in situ AFM recovery tests. The next step is to remove the
films from their substrates and test their bulk mechanical properties using
microtensile testing. Once this information is available, it will be possible to

implement them into actual MEMS devices and test their practical use.
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Appendix

The following table is a list of specimens that were fabricated during the

course of this research, but were not necessary to characterize. However, they

could be used in future research investigations.

Table Il
Date Specimen Heat Treatment Tests on
Sample
05.24.2006 800 nm Niy; Tiss on Si (100) 40 min @ 550 °C none
06.13.2006 800 nm Niy; Tiss on Si (100) 30 min @ 575 °C none
06.14.2006 800 nm Ti on Si (100) 30 min @ 500 °C none
06.16.2006 1 um Tion 1 um NigTiszon Si (100) 30 min @ 400 °C none
06.20.2006 600 nm Ti on 1 um Nig; Tisz on Si (100) 20 min @ 450 °C none
07.11.2006 800 nm Niy; Tiss on Si (100) Heat lamp 30 min none
07.20.2006 1.5 um Nig7Tis30on 500 nm Ti on Si (100) 30 min @ 450 °C none
07.21.2006 1.5 um Nig;Tiszon 500 nm Ti on Si (100) 30 min @ 500 °C none
08.16.2006 3 um Niy7Tis3 on NisgTisq substrate 15 min @ 550 °C none
08.18.2006 1.5 um Tion Si (100) none none
08.23.2006 3 um Tion Si (100) none none
10.09.2006 1.5 um Nig7Tis3 on NisgTisg Substrate none none
01.04.2007 1.5 um Niy;Tiss on glass substrate 30 min @ 500 °C none
02.14.2007 400 nm Nis7Tisz on NisgTis, SUbstrate 40 min @ 550 °C none
08.28.2007 3 um NisgTiso on Si (100) none none
09.17.2007 [ 200 nm Ni4Tisz 0on 2 um Nis;Tigs on Si (100) [ 60 min @ 525 °C none
09.19.2007 200 nm Ni47Ti53 on 2 um Ni52Ti48 on Si (1 00) none none
09.20.2007 200 nm Ni47Ti53 on?2 um Ni52Ti48 on Si (100) 30 min @ 525 °C none
02.13.2008 1.5 um Nig7Tisz on Si (100) none none
02.14.2008 1.5 um Cuon Si (100) none none

Table 2. This table is a list of specimens made that were fabricated but not tested in this
research effort. However, the samples have been retained in case a need to characterize them
arises in the future.
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