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Figure 4-6 Modern EDS system schematic as outfitted with a SEM. [12]

The composition of a sputter deposited NiTi film depends upon the
sputtering parameters, as well as the subsequent heat treatment application.
However when NiTi thin film composition is investigated, it is never done alone—
always in conjunction with some other analysis. For example, P Surbled et al
produced NiTi thin films with varying compositions and heat treatments ranging
from 420°C to 750°C for 15 minutes to investigate the changes in transformation
temperatures. They found that Ti-rich films’ transformation temperature mainly
depends upon the annealing temperature, but the same is not true for Ni-rich
films. A plot exhibiting this can be seen in Figure 4.6 below. [13] As another
example, Sanjabi et al used EDS to investigate the change in composition across

a substrate based upon the variation of sputtering parameters—substrate
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rotation and differing target powers. The results from this study aided the team in

the development of initial sputter deposition parameters. [14]
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Figure 4-7 Plot describing the relationship between NiTi film composition and
transformation temperature. [13]

4.4 Nanoindentation and NiTi Thin Films

Nanoindentation is an ultra-low load variation of the conventional
instrumented indentation testing technique. Nanoindentation testing requires
minimal sample preparation and is ideal for thin films, coatings, and surface
layers. In addition, the use of this technique removes the need for impression

imaging and surface layer removal from the substrate.
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<< > o ,‘\/. y ‘ '
P IPII P
Berkovich Vickers ‘ Cube-Corner Cone (angle ) | Sphere (radius R)
i Features
Shape 3-sided pyramid 4-sided pyramid |3-sided pyramid w/ Conical Spherical
perpendicular faces
Bulk Materials, Thin Films, Modeling,
: Thin Films, Bulk Materials, Scratch Testing. | Scratch Testing.
Applications Polymers, Films and Foils. Fracture Wear Testing. MEMS
Scratch Testing. | Scratch Testing, Toughness, Imaging,
Wear Testing, Wear Testing Wear Testing, MEMS
MEMS, Imaging MEMS, Imaging
Available as
Traceable Standard Yes Yes Yes No No
| Parameter
Centerline-to-face angle, « A 65.3° 68° 35.2644° — -
[ Area (projected). A(d) 24.56d2 2450442 2.5981d2 wal wal
[ Volume-depth relation, V(d) 8187343 8.168143 0.8657d3 - -
‘ Projected area/face area. A/A¢ 0.908 0927 05774 — -
Equivalent cone angle, Jr 70.32° 70.2996° 42.28° W —
[ Contact radius, a — — — dtan (2Rd-d2)1/2

Table 4-1 Information about commonly used nanoindenter tips. [15]

Nanoindentation systems require three major parts: ® a means to provide
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sample translation, ® a means to apply force, and © a means to measure

displacement. Figure 4.7 provides a schematic of the indentation system. The
indentation process is based upon the application and removal of the indenter.
During the indenter’s application, elastic and plastic deformation occurs revealing
a hardness impression that conforms to the indenter’s shape at some contact
depth. Once the indenter is removed from the surface, the elastic deformation is

recovered, and the indentation depth is measured. Numerous indenter




geometries are available and the applied indenter varies according to the

application. Table 4.1 presents the differences between these indenters. [16-18]
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Figure 4-8 Schematic of typical nanoindentation system. [17]

Besides the simple hardness testing method described above, another
common measurement technique is the Continuous Stiffness Measurement
(CSM). CSM provides a continuous contact stiffness measurement during
loading by superimposing a small oscillation on the primary loading signal and
using a frequency specific amplifier to analyze the resulting response. In doing
so, continuous load-displacement data can be achieved. Use of this continuous
indentation mode can be used to determine additional properties, such as the
strain hardening exponent, fracture toughness, and the magnitude and sign of
pre-existing residual stress. Typical responses seen with this method are shown

in Figure 4.8.
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Figure 4-9 Common presentation of data obtained from nanoindentation tests.
[17]

The material’s hardness, H, is calculated by

FI
H=-—
A
Equation 4. 4
where P is the load applied.
The reduced modulus, E,, is calculated by
[m)S
Er = —[ [‘" ﬂ-’?_]
[28(v4)] Equation 4.5

where B=indenter based constant; =1 for circular, 1.012 for Vickers, & 1.034 for

Berkovich and cube-cornered indenters.
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And finally the material’s young’'s modulus by

( 1 ) B [1 — vz.] [1 —1;1'2-]
Er E Ei Equation 4.6

where E; and v; describe the indenter’s values and E and v describe the

material’s values. [18]

Two types of tests for NiTi SMA thin films have been presented in
literature—those that extract material property data and those that utilize the
indenter system for its impression abilities. Shaw and constituents used the
nanoindenter in conjunction with an AFM, to gather information on the recovery
response of 10 or 1.7 um thick sputter deposited films. First, the indenter was
applied to the film surface at pressures of 8, 3, 1, and 0.5 mN. After which, the
surface relief of the indent was scanned using the AFM, the sample then heated
for 30 seconds to ~200°C using a heat gun, and the surface relief scanned again
to gain insight of the NiTi film’s recovery. Their research objective was not to
report on the material properties, but on the degree of recovery of the indent’s
depth before and after transformations. They found that indents less than 100
nm deep were easily recoverable by heating. [19] On the other hand, Kumar and
team used a Berkovich diamond indenter at room temperature and 250, 500, and
750 uN pressures with 5 seconds holding time. They were able to gather
information on the film’s hardness and elastic modulus values. Through their
investigation they found that the heat treated films presented 150 GPa and 8.42
GPa elastic modulus and hardness values, while the same film in its amorphous
state presented 138 GPa and 7.11 GPa values, respectively. They believed that
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precipitation hardening during heat treatment may have contributed to the
increased values and amorphous films property values resulted from its porosity

and film softness. [9]

4.5  Electrical Resistivity and NiTi Thin Films

Methods used to study the phase transformation behavior of shape
memory alloys include differential scanning calorimetry (DSC), internal friction
measurements, magnetic susceptibility, thermoelectric power, and electrical
resistivity. Of these electrical resistivity and DSC are the most common and are
often used to complement the other or to confirm the results of the other testing
method. Table 4.2 shows how comparable the transformation temperature data
collected using resistivity and DSC testing methods. DSC requires the film'’s
removal from the substrate for testing, and therefore, removing it from its natural
state. On the other hand, resistivity tests are nondestructive, requires little
material to test, and can be performed on samples as they are for MEMS device
usage or application. For this work, electrical resistivity will be used to determine

the transition temperatures of the NiTi thin films. [20]
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Table 1. Comparison of transformation hemp eratunes.
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Table 4-2 Table showing how electrical resisitivity and DSC transformation
temperature data collection is comparable. [20]

Resistance is an electrical material property used to describe the flow (or

lack thereof) of electrons. It is defined as

R=VI Equation 4.7

where R=resistance (Ohms), V=Voltage (Volts), I=Current (Amps). Whenever
sample geometry is not a factor, resistivity (p) tests can be run using the four
point probe method. In addition, it is also used to measure the bulk resistivity of
starting wafers and the sheet resistance of shallow diffusion layers. General four
point probe testing for thin films include a multimeter to measure voltage, a
power supply to pass current, 4 probes, and a computer to record the information
gathered. A current is applied to the two outer probes and the voltage between
the two inner probes is measured. Figure 4.9 shows a schematic of the typical

four point probe resistivity testing.
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Figure 4-10 Schematic showing typical four point probe resistivity testing setup.

Two equations can be applied to calculate resistivity:

p=[21sV] /|

Equation 4.8

for samples where the thickness (t) is much greater than the distance between

the probes (s) or

p= [t V]/ [In 2*1]

Equation 4.9

for samples where the thickness is much less than the distance between the

probes. [21]
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There are a number of material characteristics that contribute to electrical
resistivity—crystal structure, deformation defects, twin variant accommodations,
and crystal distortions. For NiTi shape memory alloys resistance or resistivity
investigations, the start and finish of the different phases is evident through the
temperature vs. resistance/resistivity graphs. Generally, as the temperature
increases, the resistivity value increases. Once the phase transformation occurs,
the resistivity value changes—goes to a small maximum—and the resistivity
returns to the linear state after the transformation is complete. The shape of the
graph can distinguish between the present phases. It is believed that when the
resistivity values do not increase linearly, a mixture of phases is present within
the sample. The more thermal cycles the sample experiences, the greater the
resistivity peak increases which make it easier to determine the Ms and Mf
temperatures. Literature reports that a complete thermal cycle is between -120°C
to 60°C because both austenite and martensite transitions are allowed to occur.

[20,22]

Although resistance or resistivity measurements are simple testing
methods, the results will vary dramatically according to the specimen’s
composition and thermal history. Mohanchandra et al reported that resistivity
tests performed on films that have undergone heat treatment, an increase in
annealing temperature results in a decrease in transformation temperatures.
Since an increase in annealing temperature leads to a growth of precipitates
which is manifested as a decrease in transformation temperature. The shape of

the electrical resistivity graph and the occurrence of transition are very
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dependent upon the composition and the heat treatment. The plots below, in
Figure 4.10, show how much the data can change based upon simple heat

treatment variations. [20,22]

-
1 Ry
T 4
E T '.I%{F:, ———
]
o TS =
2 .
-] ﬁ
‘j T3 AA
E v
E ™
a0 4
67
] r
40 0 o 0 40 &0 . ] 20 140
Tampsraturs (c) (@)
=
T
3
£
n
2
Fd
X
j
A0 -0 o 20 a0 1] a0 100 1) 140

Temperaturs (°C) (b)

Figure 4-11 Example of graphs showing NiTi thin film resistivity testing
results presented in literature. [20]
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Chapter 5 Experimental Procedure

5.1  NiTi Thin Film Production for Deposition Parameter Determination

To produce samples for characterization, a 300 nm thick silicon nitride
(SisNy) layer was grown onto both sides of a silicon (100) wafer using low
pressure chemical vapor deposition (LPCVD) by Virginia Semiconductor, Inc.
Table 5.1 presents the parameters for the LPCVD silicon nitride wafers.
Following wafer purchase, it is necessary to perform a B clean on the wafers
which is used to remove traces of organics and ions from the surface. The B
cleaning solution is made with a 5:1:1 ratio of de-ionized (DI) water (H20),
ammonium hydroxide (NaOH), and hydrogen peroxide (H,O,). The B cleaning
solution was heated to at least 70°C on a hot plate. Once the set temperature
was reached, the beaker was removed from the hot plate and the wafers inserted
into the B cleaning solution for 10 minutes. After 10 minutes, the wafers were
removed, rinsed in DI water, and dried using a N, gun. DI water is highly purified

and filtered meaning it is free of ions, particulates, and bacterial contamination.
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Material Silicon- CZ
Diameter 100 mm
Dopant Any
Orientation <100>

Resistivity 0-100 Q*cm
Thickness 450-500 pm
Flats 2 SEMI
TTV SEMI
Bow and Warp SEMI
Grade DSP
Polish Both
Additional 3000 A Low
parameters Stress LPCVD

Table 5-1 List of the parameters used for silicon wafers.

Following the B clean, a titanium (Ti) adhesion layer was deposited on top
of the SisN4 layer. A 99.995% Ti target with 3 inch diameter and 0.25 inch thick
dimensions, purchased from Kurt J Lesker Company, was used to deposit a 30

nm layer of Ti. Without the adhesion layer, the NiTi layer would be more likely to
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delaminate during subsequent processing and characterization. Table 5.2

presents the sputtering parameters used to produce the 30 nm titanium layer.

Target Titanium (DC)
Deposition Power 200
(Watts)
Deposition Time 2
(Minutes)
Deposition 23
Temperature (°C)
Base Pressure (Torr) 5x10°
Deposition Pressure 8.0-8.3
(mTorr)

Gas Flow Rate (sccm) 40
Holder Rotation 50%
Ignition Pressure 80

(mTorr)

Table 5-2 Titanium adhesion layer sputter deposition parameters.

After a review of commonly used processing parameters found in
literature, a number of parameters were chosen and placed within a design of
experiment array. For the design of experiment, Stat Ease’s Design Ease
Software (version 7) was used to develop the run order and their subsequent
parameters. The Ti power during deposition was set to either 10 W or 25 W; the
substrate temperature during deposition was set to 23 ° C, 230°C, or 400°C; and
the deposition pressures was set at 2.8, 5.0, or 8.2 mTorr. Table 5.3 presents the

16 sample array and their respective sample numbers.
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Ti ARGON SUBSTRATE HEAT
SAMPLE | POWER | PRESSURE | TEMPERATURE | TREATMENT
(Watts) (mTorr) (°C) (°C/min)

15-09A 25 5.1 25 600/30
15-09B 25 8.2 25 600/30
15-09C 10 5.1 25 600/30
15-09D 10 8.2 25 600/30
15-09E 10 2.8 25 600/30
15-09F 25 2.8 25 600/30
15-09G 25 2.8 230 420/15
15-09H 10 2.8 230 420/15
15-09I 25 5.1 230 420/15
15-09J 25 8.2 230 420/15
15-09K 10 5.1 230 420/15
15-09L 10 8.2 400 none
15-09M 25 8.2 400 none
15-09N 25 2.8 400 none
15-090 10 5.1 400 none
15-09P 25 5.1 400 none
15-09Q 10 8.2 230 420/15
15-09R 10 2.8 400 none

Table 5-3 Design of experiment array developed for NiTi thin film
production.
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The 1 um thick NiTi samples were deposited using a co-sputtering
process featuring a 99.995% equiatomic NiTi target produced by Kurt J
Lesker and the Ti target previously mentioned. A co-sputtering process is
required because nickel sputters at a faster rate than titanium and without the
use of this process it would be more difficult to produce equiatomic NiTi thin
films. Table 5.4 describes the deposition parameters. After deposition, the
film thickness was measured using a mechanical surface profiler where the
stylus is mechanically scanned over the wafer’s surface. The profiler is able to
measure films 0.01-5 pum thick. The heat treatment schedule used was a
function of the substrate temperature used during deposition. Samples were
annealed inside an alumina holder using the Brew furnace and furnace
cooled. After cooling, the films were characterized using the methods

presented in the proceeding section.

69



Target Nickel Titanium
Titanium (RF) (DC)
Deposition Power (Watts) 400 15
Deposition Time (Minutes) 90
Deposition Temperature (°C) 23
230
400
Base Pressure (Torr) 5x 107°
Deposition Pressure (mTorr) 2.8
5.0
8.2
Gas Flow Rate 12
25
40
Holder Rotation 50 %
Ignition Pressure (mTorr) 50 mTorr
Thickness (um) 1

Table 5-4 NiTi thin film co-sputtering parameters.

5.2 NiTi Thin Film Characterization Techniques
The most common characterization methods for NiTi thin film samples
mentioned in literature include x-ray diffraction, atomic force microscopy, electron
dispersive x-ray spectroscopy, tensile testing, nanoindentation, differential

scanning calorimetry, bulge testing, electrical resistance, scanning electron
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microscopy, and transmission electron microscopy. Due to the film thickness and
delicacy of the samples produced during this work, many of the techniques
mentioned above are not compatible. However, the methods which were

compatible for thin films are defined below.

5.2.1 Phase Identification of Deposited Films

Crystallinity was determined using x-ray diffraction (XRD) analysis. XRD
scans of the deposited films were obtained using a Rigaku DMAX-III X-ray
diffractometer at room temperature. The Cu-Ka tube was used at 40 kV and 40
mA and the scans were performed from 26=20° to 80° range, 0.05° scan interval,

and a 5° per minute scan speed.

5.2.2 NiTi Thin Film Microstructural Observation

A JEOL JSM-7000F field emission scanning electron microscopy was
used to gain insight on the surface characteristics of the deposited thin films. The
films were adhered to the holder’s surface using a strip of carbon tape and
observed at different magnifications especially, 23000X and 65000 X
magnifications. SEM film surface observations occurred before and after heat

treatment, as well as before and after MDE sample release.

5.2.3 NiTi Thin Film Composition Determination

Energy Dispersive Spectroscopy (EDS) analysis, incorporated into the
SEM, was used to determine the composition of the deposited films. Spirit V107

software was used to gather the data collected from the EDS detector. To ensure
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sufficient statistics were obtained, the detected x-rays were counted for at least
3000 counts before analyzed. Several areas on the wafer sections were scanned
to get an average film composition. EDS was performed before and after heat
treatments. Only Ni and Ti elements were analyzed. All other elements present

were recorded for reference purposes only.

5.2.4 NiTi Thin Film Electrical Resistivity Testing

A special Teflon holder was designed to hold the thin film during the
resistivity testing. Figure 5.3 shows the side and top views of the holder. Each of
the probes on the holder was paired with an Agilent Technologies data
acquisition/switch unit (DAU) Model 34970A, its subsequent multichannel
analyzer, and operated using its four-wire ohm measurement configuration. All
experiments took place within an ESPEC Criterion ECT-3 temperature chamber
with a Watlow F4 controller cycling thorough temperatures between -30°C to
120°C with cooling/heating rates of 2°C per minute or 5°C per minute. Figure 5.4
shows the experimental setup. During the tests, the DAU monitored the film and
chamber temperatures, the resultant resistance, and recorded them every one
second using BenchLink Data Logger software. T-type thermocouples were used

to monitor the film and chamber’s temperatures.
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Figure 5-1 Photograph of Teflon holder for SMA thin film resistivity testing. (A)
Side view. (B) Top view.
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Figure 5-2 Photograph of electrical resistivity testing set-up.
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Chapter 6 Results and Discussion

As outlined in Chapter 5, sixteen samples were produced with various
sputter deposition and annealing parameters to determine which films met and
exhibited shape memory effect requirements. Each of these film samples was
characterized through Scanning Electron Microscopy (SEM), X-ray diffraction
(XRD), and Energy Dispersive Spectroscopy (EDS) to determine which films
exhibited SMA properties. Samples which did not meet the necessary
requirements for SME confirmation were omitted. The remaining films were then
tested for shape memory confirmation using resistivity and for mechanical
property data using nanoindentation and membrane deflection experimentation.
The results from this study will be discussed in the remaining portion of this

chapter.

6.1  NiTi Thin Films and Crystallography

The sixteen samples outlined in Table 5-3 were exposed to x-ray
diffraction to determine if the deposition and annealing parameters produced
crystalline films and to disclose the phases present. From the scans, it was found
that SMA films deposited at room temperature exhibit amorphous XRD scan

qualities where a single broad peak between 26=40° to 45° is seen. However,
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films deposited at room temperature followed by annealing or deposited at
temperature produce crystalline films where numerous peaks are seen in this

same area. Figure 6-1 shows an example of how the XRD scans change from

amorphous to crystalline following annealing.
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Figure 6-1 Example XRD scan showing the transformation of NiTi film from
amorphous to crystalline.

Film samples that underwent annealing were scanned before and after

their heat treatment. The results from the XRD scans for each sample can be

seen in the Table 6-1.
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Figure 6-3 SEM micrographs of films deposited at 230°C and annealed at 420°C
for 15 minutes.
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Films deposited with a substrate temperature of 400°C and no annealing
produced films whose features were dependent upon the Titanium power used.
For example, samples deposited with 10 W Titanium power exhibited square-like
features—15-09L, 15-090, and 15-09R. On the other hand, films deposited at
temperature and 25 W Ti power exhibited chip-like features—15-09M, 15-09N,

and 15-09P. Figure 6-4 shows the micrographs of these films.

15-09N 15-090

Figure 6-4 SEM micrographs of films deposited at 400°C and no anneal.
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6.3  NiTi Thin Film and Composition

Film composition is by far one of the most important parameters; since a 1
atomic percent change in NiTi composition can result in a 100°C transformation
temperature shift. [19] The varying sputtering parameters used during this study
were used to produce films with nickel compositions ranging from 41 atomic
percent to 60 atomic percent. The table below provides a listing of the nickel
values of the prepared samples before and after heat treatment. All annealed
films showed an increase in nickel content following heat treatment. The increase
in nickel content could be the result of the nickel atoms diffusing to the surface of

the film following heat treatment.

The films that showed composition closest to equiatomic composition (with
a £1.5 atomic percent) were 15-09B, 15-09M, 15-09N, and 15-09R. Each of the
equiatomic films were deposited at temperature except 15-09B and at argon gas

pressures of either 2.8 or 8.2 mTorr.
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TI AR | SUESURAUE CNOIETK::\_JT HEAT cl\cl)lﬁTK:rlx_lT

SAMPLE | POWER | PRES. UEE, (At. %) | TREATMENT | (At. %)

(Watts) | (mTorr) (deg C) BEFORE (deg C/min) AFTER

HT HT

15-09A 25 51 25 47.92 600/30 52.70
15-09B 25 8.2 25 43.78 600/30 49.58
15-09C 10 51 25 41.77 600/30 55.13
15-09D 10 8.2 25 41.73 600/30 51.63
15-09E 10 2.8 25 46.33 600/30 60.41
15-09F 25 2.8 25 51.01 600/30 55.08
15-09G 25 2.8 230 47.35 420/15 44,99
15-09H 10 2.8 230 50.52 420/15 61.34
15-09I 25 51 230 44.89 420/15 58.91
15-09J2 25 8.2 230 3.94 420/15 53.67
15-09K 10 51 230 51.81 420/15 59.66
15-09L 10 8.2 400 56.03 none 56.03
15-09M 25 8.2 400 50.50 none 50.50
15-09N 25 2.8 400 49,98 none 49,98
15-090 10 51 400 53.20 none 53.20
15-09P 25 51 400 52.13 none 52.13
15-09Q 10 8.2 230 50.96 420/15 59.75
15-09R 10 2.8 400 51.25 none 51.25

Table 6-2 Presentation of the NiTi film compositions before and after annealing.
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6.4 NiTi Film Sample Production Elimination

Scans for near equiatomic and titanium-rich films show the martensite
phase. Since films 15-09C, 15-09D, and 15-09E possessed amorphous film
structures following annealing, they will be omitted from further consideration of
SME confirmation. It was seen that the amorphous films were deposited using
10 W Titanium power and an unheated substrate deposition. No other
correlation could be found between the processing parameters and the resultant
phases present within the films.

Films deposited at 8.1 mTorr produce films with a cracked surface despite
the NiTi/Ti power used. From the results it is evident that the deposition
pressures greater than or equal to 8.1 mTorr is too great.

Recall that Sample 15-09B produced a cracked surface and was
subsequently eliminated. In addition, the other viable samples were produced at
temperature and not suitable for microfabrication processing. However, their
composition does help determine the samples parameters suitable for additional

testing—15-09M and 15-09N.

6.5 Additional NiTi Thin Film Sample Production
After the most promising sputtering parameters were outlined, it was
necessary to use those parameters to produce additional samples for
transformation temperature and mechanical data investigations. The first set of
samples produced were Sample 20-21 featuring a NiTi target powers of 275 W,

300 W, 350 W, or 400 W and Ti target power of 25 W, and deposition time of
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10550 seconds. Table 6-3 shows specific parameters for each sample. Samples
20-21-B, 20-21-E, 20-21-G, and 20-21-H produced films with cracked surfaces.
The deposition pressure of 8.1 mTorr was also omitted because its usage
continually produced films with cracked surfaces. Cracked surfaces indicate that
the pressure within the chamber is so high that the sputtered atoms have too
much velocity and force transferred to them during deposition resulting in the
introduction of too much stress on the film’s surface. After annealing, none of the
remaining films’ composition values were equiatomic. Therefore, all of Sample

20-21 samples were useless and new deposition parameters were investigated.
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XRD Ni at. | Ni at.
NiTi Substrate Ar Phases % %
Power | Temperature | Pressure | (After | before | after
Sample (W) (°C) (mTorr) HT) HT HT
20-21-A 300 25 2.8 A (110) | 46.73 | 46.41
A (110)
20-21-B 275 25 8.1 M(-111) | 44.68 | 44.50
A (110)
20-21- M(020)
C 400 25 2.8 M(012) | 47.34 | 47.59
20-21- A (110)
D 275 25 2.8 M(020) | 46.15 | 45.98
M(002)
M(-111)
A(110)
M(020)
20-21-E 300 25 8.1 M(012) | 45.24 | 45.31
20-21-
G 350 25 8.1 A (110) | 45.38 | 45.49
20-21-
H 400 25 8.1 A (110) | 46.11 | 46.02

Table 6-3 Outline of the sputtering parameters for Sample 20-21.

Since the current deposition parameters did not produce the film
compositions required, it was mandatory that new parameters be outlined. After
several trials and errors, the new and suitable sputtering parameters featured
NiTi target power of 400 W and Ti target power of 15 W. Samples 20-45, 20-64,
20-101, and 25-1 were all produced using these new parameters. Table 6-4

outlines their individual sputter deposition parameters. It is important to note,
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that samples sputtered at 5.0 mTorr began to delaminate during processing,
especially after heat treatment. Therefore, this deposition pressure was also
eliminated from future sample production. Optimal sputter deposition parameters
consist of NiTi target power of 400 W, Ti target power of 15 W, and deposition

pressure of 2.8 mTorr.

NiTi . .
, XRD | Niat. | Ni at.
Sample rower! 'IS'Z:JnSt. Ar P Thilc::Ikl:1ness Phase| 9% %
P T Bane (°C;). (mTorr) i (After |(Befor | (After
(W) HT) [eHT)| HT)
A(110)
20-45-A | 400/15 25 2.8 1.000 M(020) 51.08 | 49.39

20-45-B | 400/15 25 5.2 1.000 |A(110)|51.93]47.80

A(110)

20-64-C | 400/15 | 400 | 2.8 1.000 49.95| nia
M(012)
A(110)

20-64-D | 400/15 | 400 | 5.0 1.000 48.30 | nia
M(012)
A(110)

20-101-A| 400/15 | 25 2.8 1.666 nfa |51.53
M(020)

20-101-B| 400/15 25 5.0 1.666 |A(110)| n/a | 49.69

A(110)

25-1-A | 400/15 | 25 2.8 1.051 n/a |50.15
M(020)
A(110)

25-1-B | 400/15 | 25 2.8 | 2.038 n/a |48.34
M(020)

Table 6-4 Presentation of sputtering parameters for Samples 20-45,
20-64, 20-101, and 25-1.
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6.6  NiTi Thin Film and Transformation Temperature

Research teams often present data on the DSC curves of the NiTi films to
gather information on the transformation temperatures of the deposited films, as
well as confirm the shape memory effect. Traditionally DSC investigations are
performed using powder samples because more surface area is available
thereby yielding a greater signal. In addition, powder samples allow even heating
and cooling of the sample. For those reasons, when thin film samples are used,
the signal is weak, yields inaccurate data, and in the case of device fabrication
requires the sample destruction. A Flexinol SMA wire was used to obtain a
standard reference. However, during DSC sample preparation, the aluminum
crucible and the preparation puncher were drastically deformed because the wire
is much harder than the crucible puncher or sealer and the test was not

performed.

As an alternative, electrical resistivity test procedures were performed to
obtain transformation temperatures for the sputter deposited SMA thin films. The
resistivity tests were performed under the premise that it is a nondestructive
evaluation technique where the sample temperature is increased and decreased
in cycles resulting in a change in crystal structure. To determine the
transformation temperature in which the film transforms and to confirm the proper
operation of the in-house set-up, an environmental chamber, power supply,
multimeter, computer, and Pomona clips were outfitted to a commercial NiTi wire.
Figures 6-5 and 6-6 illustrate the testing setup. An Agilent 34401A 6% digital

multimeter was used to measure voltage and an Agilent DC power supply (Model
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3612A) was used to apply current and the distance between the Pomona clip
pins touching the wire and film was 12.10 nm. Leads from the Pomona clip were

attached to the NiTi wire in the following manner:

Positive Lead Negative Lead
Voltage Red Blue
Current Green white

Figure 6-5 Photograph of the interior of the environmental chamber and Pomona
clip for resistivity testing.
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DC Power Supply

Data Acquisition
- Unit

Figure 6-6 Photograph of the measurement setup of the resistivity testing setup.

Temperature cycle programs were developed and input into the
environmental chamber unit where the temperature cycling went from -50°C to
150°C with a ramp rate of 10°C per minute. Initial characterization readings
showed that the chamber and the current set-up worked fine, but an additional
outlet was needed to monitor temperature change. For that reason, an Agilent
34970A Data Acquisition/Switch Unit (DAU) was incorporated into the set-up and
the multimeter was eliminated. The DAU featured a 20 channel card, where the
following parameters were set—Channel 1 was the positive current lead,
Channel 2 was the negative current lead, and Channel 5 was the T-type
thermocouple set to monitor temperature output. Using a DC power supply, a
voltage of 0.8-0.9 V was applied which corresponded to a 400 mA current

application and the temperature program was re-written to cycle between 20°C to

91



90°C. Due to the size of the chamber, Sample 15-09N, a sputter deposited film,
was included in the resistivity analysis with the wire. The results from the

simultaneous film and wire resistivity test runs can be seen in Figure 6.7.

Recall that resistivity, p, values across the temperature range were
calculated using equation 6-1 where R, resistance values, were measured by the

DAU, A is the wire’s cross-sectional area, and L is its length:
p = R*(A/L) Equation 6-1
and A/L = (d2m)/ (4L) = [(500x10°m)*2* 11] / [4*(5x107°m)] = 3.93x10° m.

Resistance, is a relative value, computed using values reported under the four
point probe testing configuration found within the DAU. Equation 6-2 outlines the

definition of R.
Vmeasured/lapplied = R Equation 6-2
Therefore
p = R*(3.93x10-6) (Q*m) Equation 6-3

For the 1 um thick films, the resistivity equation was modified to include the

thickness of the films, t, and become
p =R *[(r*t)/ (In 2)] (Q*um) Equation 6-4
For these films the equation becomes

p=R*(4.532) (Q*um). Equation 6-4

92



Film Resistivity
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Figure 6-7 Resistivity plots for SMA wire and thin film sample 15-09N using the
environmental chamber.

The jagged data set seen in Figure 6-7 is due to the holds inputted into the
temperature cycle. The holds were placed into the cycling program to ensure that

the samples’ temperatures were regulated and steady during cycling. Therefore,
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they must be eliminated in future cycles. The results from the 15-09N film
resembled a semiconductor and the wire’s data did not form a connecting
hysteresis, although it was extremely close. In addition, the resistivity values are
very small. Therefore, | decided to increase the amount of current applied. To
determine a suitable current application, | repeated the tests on the 15-09N film
using current values of: 1=0.1 A, 0.5 A, and 1 A and a temperature cycle going
from -20°C to 80°C with a 10°C per minute ramp rate. The results from this test
cycle can be seen in figures 6-8, 6-9, and 6-10. The test performed with a
current application of 0.1A, seen in Future 6-8, showed a decrease in resistivity
as temperature increased. Once again, the semiconductor-like results were
obtained which is the opposite of what should be occurring with SMA. The
application of 0.5A test current results looked the most promising of the three,
since the resistivity increased as the temperature increased and almost took on a
hysteresis shape. The results can be seen in Figure 6-9. The investigation
performed using a current application of 1A (see Figure 6-10) resulted in a plot
saturated with noise. Although | am unsure of the actual cause of the noise, it
could be that at the onset of this test, the film was “burned out” from repeated
testing and unable to respond in a suitable manner. This is feasible since | ran
the tests one consecutively without any rest time between the tests leading to
excessive heat application. Since the resistivity data results from Figure 6-9
most closely illustrate the data we anticipate, current will be applied at 0.5 A

during each run.
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15-09N Film Resistivity at 0.1 A
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Figure 6-8 Resistivity testing results of Sample 15-09N performed using 0.1 A
current application.

15-09N Film Resistivity at 0.5A
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Figure 6-9 Resistivity testing results of Sample 15-09N performed using 0.5 A
current application.
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15-09N Film Resistivity at 1 A
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Figure 6-10 Resistivity testing results of Sample 15-09N performed using 1 A
current application.

After re-examining this data and the testing arrangements, | determined that the
current environmental chamber was too large for the size of samples being
investigated and the temperature cycling rate (10°C/minute) made it difficult for
the small samples to regulate and reach the desired temperature. For those
reasons, | switched to a much smaller environmental chamber—ESPEC Criterion
Chamber ECT-3 featuring a Watlow F4 Controller. Since the chamber is smaller,
the fan used to change the temperature within the chamber is very intense and it
applies a great deal of force during operation. Therefore, it was very important to
ensure that the sample is stable and experiences no vibration during the
temperature cycling .Otherwise, the unstable, vibrating sample will become a

source of noise during testing producing invaluable results. The same data
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collection arrangement from the larger environmental chamber was used to test

the samples.

The continual exposure of a sample to excessive testing causes it to stop
exhibiting its shape memaory properties, it is recommended that the samples be
periodically replaced. To ensure that valuable results were obtained, | replaced
the previously used wire with one produced by Mondotronics called Flexinol.
Flexinol wire is mostly used for small device building and was predetermined by
its manufactures to have a transformation temperature between 50°C and 75°C.
This wire would serve as an excellent reference, since it is already known to
exhibit the SME. A one-inch long, 500 um thick Flexinol wire sample for testing
was cut, extended, and adhered across a thin ceramic plate to ensure that the
wire did not vibrate during testing. The resistivity plot for the Flexinol wire seen in
Figure 6-11 is similar to Sample 15-09N data presented in Figure 6-11. Although
the resistivity range is higher than that previously seen, the chart does not
produce a hysteresis. In addition, when the test was repeated, the same results
were not seen even though the resistivity data were in the same range (see

Figure 6-12).
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Figure 6-11 Resistivity plot for Flexinol wire.
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Figure 6-12 Resistivity plot for repeated Flexinol wire test.

98



| contributed the fairly linear and inconsistent results to vibration and altered the
setup to further reduce vibration by using Kapton tape to secure the wire
samples. Figure 6-13 provides an illustration of the new setup. | also increased

the current application from 0.5 Ato 1.0 Aand 1.3 A.

Figure 6-13 Image of the resistivity testing setup for the wire using Kapton tape.

Following the application of the current increase, the data presented an
expected resistivity graph, but still showed signs of noisiness. After running
additional tests and re-examining the testing setup, it was seen that the
confinement of the wire to the ceramic plate was preventing the wire from
transforming properly. By fixing the wire to the ceramic plate to prevent vibration
and forcing the wire to lie in the flat state, the wire was being trained even as the
temperature cycling continues. To counteract and prevent this training, the

ceramic plate was removed from the setup and the free wire and the leads for the
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DAU were adjoined using alligator clamps, separated by uniform distances. The
future tests were repeated with a new wire since the previously used wire
underwent training during previous testing. The next tests were performed with
only two temperature cycles and a temperature ramp rate of 2°C per minute. The
results, shown in Figure 6-14 A and B, from the new wire looks comparable to
literature, but the transition periods occur during cool down instead of both cool
down and heat up. As additional testing on the new wire continued, it was evident
that the more temperature cycles the wire undergoes, the tighter the cycles’ data

becomes.

100



Resistivty Results of Free Wire using 1 A Current Application
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Figure 6-14 Resistivity plots of Flexinol wire using 1 A current application.
[A] Plot from the initial two temperature cycle run. [B] Plot from additional testing.

In addition, the increase in test frequency resulted in greater displays of noise in

the data. | consulted with Mr. LeVar Odum and Mr. LC Mathison about my entire

101



resistivity testing apparatus. it was brought to my attention that the power supply
model being used was unable to accurately and constantly supply 1 A of current
because it was better equipped to supply constant voltage. To achieve more
accurate results, | decided to remove the power supply from the testing set-up
and utilize the DAU’s internal four-wire ohm configuration setup. The schematics

and actual interpretation for this system are shown in Figure 6-15.
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Channel n+10 (sense) on the 34901A or

Figure 6-15 Schematic and photograph of 20-channel card used for 4-wire ohm
configuration.

The new testing channels using the 20 channel card and 4-wire ohm
configuration are channel 4 for wire temperature measurement, channel 5 for
chamber temperature measurement, channel 7 (or n) for current (source)

application, and channel 17 (or n+10) for voltage (sense) application. This
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configuration also allows the alteration of the test current using the range settings
programmed into the DAU. The new DAU configuration was tested using the
same Flexinol wire from the previous tests and the results can be seen in Figure

6-16.

Resistvity Results for 2C/minute Profile using 500 um Wire and 1 A Current Application
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Figure 6-16 Resistivity plot of Flexinol wire sample after 4-wire ohm configuration
was implemented.

After incorporating the four-wire ohm test set-up, the resistivity data, presented
above, has a range similar to the tests presented in Figure 6-14, shows a
hysteresis, and is repeatable. The presence of the hysteresis loop is desired
since it proves the SME through repetition and transition temperature change.

Although the results were successful, they are still noisy and | am unable to see
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any definite periods of transition. Therefore, | changed the temperature profile to
feature a shorter profile with multiple repeats. This change in temperature profile
parameters, thereby reduced the number of cycle steps and provided a better,

easier operation for the environmental chamber’s controller.

After continued testing using the free wire clamping system and the new
temperature profile parameters, | was able to determine clear areas of transition
using the Flexinol wire. Figure 6-17 shows the resistivity profile for the Flexinol
wire. An increase and/or decrease in the resistivity values or peaks can be seen
between 5°C & 20°C and 45°C & 60°C. Notice that the curves become very tight
or show little change in resistivity around or after temperature cycle 28. These
peaks could be identifying marks of the transition temperature for the wire,
especially since the specifications for the wire state the transformation

temperature is between 55°C and 75°C.
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Resistvity Values of Selected Cycles Comparison using 500 um Wire and NLO5 Temperature Profile
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Figure 6-17 Resistivity plot for Flexinol wire after 48 temperature cycles.

Since the resistivity data collection using the commercial wire was
successful, | began testing on sputter deposited films. Initial testing revealed very
noisy results, so | decided to alter the testing current using two of the test ranges
internally set by the DAU—0.1 kQ and 1 kQ. In addition, the ramp rates for this
testing period were altered between 2°C per minute and 5°C per minute.
Although additional samples were evaluated using these testing ranges, the
results presented in Figures 6-18 A and B are representative of the samples
tested. Of this data, the only data set with reasonable data is that with a 0.1 kQ
testing range and NLO5B temperature profile or 5°C per minute ramp rate. As
illustrated in Figure 6-18, the data was linear, very noisy, accented with spikes

seen at various temperatures, and inconsistent.
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Resistivity Data for 15-52N at 0.1 K-Ohm and NLO5B Temperature Profile
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Figure 6-18 Resistivity plots for Sample 15-09M and 15-52N using different testing
ranges. [A] Sample 15-52N using 0.1 KQ testing range. [B] 15-52N using 1 KQ testing
range.
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The extremely noisy data can be caused by two things—either sample
vibration during temperature change or thermoelectric voltage changes during
testing. Sample vibration has long since been taken care of; therefore it should
not be an issue. Thermoelectric voltage changes result from the DAU and the
sample being at different temperatures during testing, which in this case is very
difficult to alter. It is also known that using different connection materials can also
lead to flawed resistivity results. Obtaining such noisy data prompted me to
investigate the probe’s electrodes. After dissecting the Pomona clip, it was seen
that the inner portion of the electrodes are not all gold as expected. Figure 6-19
shows micrographs of the Pomona clip leads. In fact, they are gold plated only on
the visible ends of the leads. This could definitely affect the electrode connection
and influence noise introduction during temperature cycling. Therefore, | needed
to design a new testing apparatus to remove the Pomona leads or adjust them

be more compatible with our system.
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Figure 6-19 Micrographs of Pomona clip leads.

The testing configuration was altered using a gifted Teflon holder
previously used to perform resistivity testing on other samples. The holder was
cleaned with methanol using swabs, dried overnight inside a desiccator, and
outfitted for testing using new electrodes and pins. To test the holder and its
compatibility with the setup, Sample 15-127 was tested at 100 pA testing range
and 5°C per minute temperature cycle. The resulting resistivity data was linear,
noisy, and still did not show any hysteresis. Since this sample did not work as
expected, | obtained commercially available NiTi thin film samples from Johnson-

Matthey. The Johnson-Matthey film was 50.8 pum thick. Tests were performed on
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the Johnson Matthey film using the Teflon holder, but the data was still very
noisy. Even after increasing the testing range, the data was still noisy with higher
resistivity ranges. A silver paste was applied to the commercial film to enhance
the conductivity between the film and the pins. Once the silver contacts were
cured, a static temperature test was performed on both samples, with and
without the silver paste. The tests were performed in the 100 Q testing range.
The data from the test can be seen in Figure 6.20. The inclusion of the silver
caused the data to become cleaner, consistent, and more stable. In addition, the
resistivity data range was reduced. The samples with the silver paste were then
exposed to the full temperature cycle which produced additional clean data with

transformation occurring during the heat up process and not during cool down.

Resistivity Data for Johnson Matthey SMA Film
featuring Silver Paste
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Figure 6-20 Resistivity plot for the Johnson Matthey commercial sample with and
without the addition of the silver paste.
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Resistivity Data for Johnson Matthey SMA Sample with Silver Contacts at 100 Ohm Testing
Range for Cycle 4
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Figure 6-21 Resistivity test results for Johnson Matthey film sample featuring
silver paste contacts.

Although this data seen in Figure 6-21 was promising, the results are not
very repeatable. After re-examining the testing setup, it was determined that the
currently used Teflon holder was too thick for the extremely thin samples being
tested, did not provide any ventilation for the sample during testing, and the wires
connecting the probes to the DAU were made of differing materials. To resolve
these problems, a new Teflon holder was constructed featuring holes in the
holder’s base to allow ventilation and new probes and wires purchased. After

several version changes, the holder seen in Figure 6-22 was used for testing.
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Figure 6-22 Photographs of the newly constructed Teflon resistivity holder.

The first sample tested using this new holder was an untested Johnson
Matthey film with silver contacts. During temperature cycling with the new holder,
the top of the holder would move up during temperature cycling, creating a non-
existent connection and the production of noisy data results. To prevent the top
of the holder from moving during temperature changes, the top of the holder was
secured in position using cotter pins. In addition, the testing range was set to
automatic. An automatic testing range allows the DAU to adjust the current
application according to the needs of the sample under testing and eliminates the
need for extensive trial and error resistivity testing. These minor changes
produced data that was much cleaner and a hysteresis was seen. Figure 6-23
provides the resistivity plot developed after continuous testing of the Johnson
Matthey SMA film. Notice that there are three areas of transition—between 30-

50°C during heat up, 9-19°C and 42-62°C during cool down. These are
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acceptable transformation periods, especially the 30-50°C range since this film

has been designed to transform at the body’s temperature—approximately 32°C.

Resistivity Profile for Commercial SMA
Film
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Figure 6-23 Resistivity plot of the Johnson Matthey commercial film with silver
contacts.

Since the data collected from the Johnson Matthey commercial SMA film
presented valuable results, Sample 20-21-C, a sputter deposited film, was placed
into the holder and tested. The results are shown in Figure 6-24. The data
collected during this run showed three areas of transition—between 30°C to 35°C

and 60°C to 90°C during heat up and 40°C to 50°C during cool down. When the
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same sample was exposed to a temperature cycle of 0°C to 120°C, no transitions

were seen.
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Figure 6-24 Resistivity plot for Sample 20-21-C.

On the other hand, Samples 20-64-C and 20-64-D were exposed to 0°C to
120°C temperature cycle. The resistivity plots for these samples can be seen in
Figure 6-25. The data for both samples are pretty similar except 20-64-D has
slightly higher resistivity values than Sample 20-64-C and at the colder end of the

temperature cycle data collection, the data jumped around in a manner not
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previously seen. Sample 20-64-D shows that the data collected during cool down
was greater than that data collected during heat up. A distinct peak is seen
during cool down between 28°C and 32°C and a number of peaks are seen
below 28°C. It is important to note that this data may not look similar to other thin
films because they were deposited at temperature and produced a different

microstructure.
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Figure 6-25 Resistivity plots for Samples 20-64-C and 20-64-D.
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Sample 20-101-A also shows the unprecedented data collection observed
in Sample 20-64-D’s test run—the cool down resistivity data is greater than the
heat up data. The only difference between the two graphs is that Sample 20-101-
A presented three areas of transitions, 79°C to 88°C, 88°C to 99°C, and 4°C to
10°C. On the other hand, when 20-101-A’s companion sample, Sample 20-101-
B, is tested, the shape of the graph is more normal and shows hysteresis. Refer
to figure 6-26 for the resistivity results. The difference between the samples is
that Sample 20-101-A was deposited at 2.8 mTorr argon pressure, while Sample
20-101-B was deposited at 5.0 mTorr. In addition, the film compositions also
vary—20-101-A is Ni-rich (51.53 atomic percent Nickel) and 20-101-B is
equiatomic (49.69 atomic percent Nickel). Most activity seen in Sample 20-101-B
is seen between 20°C to 60°C in both heat up and cool down periods, and then

the hysteresis becomes tighter in the colder regions.

116



Resistivity Plot for Sample 20-101-A
2.5 4 3
, T «— 1]
d!= \\
g 1.5 p i T
£ 3
2 1
E
0.5
0]
-40 -20 0] 20 40 60 80 100 120
Temperature (°C)
Resistivity Plot for Sample 20-101-B
0]
-0.2
-0.4
g 06
G 08
g 1 /
% 1.2 _— T ey
¥ a4 f" M‘— 7
1.6 é—“
-1.8
-40 10 60 110
Temperature (°C)

Figure 6-26 Resistivity profiles for Samples 20-101-A and 20-101-B.
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Samples 25-1-A and 25-1-B were produced using the same deposition
parameters as Sample 20-101-A except with varying sputtering times--Sample
25-1-Ais 1 pum thick while Sample 25-1-B is 2 um thick. Both resistivity data plots
are within the same range. The resistivity plot for Sample 25-1-A is uneventful
until a transition peak is seen between 0°C and 8°C during the heat up period.
On the other hand, Sample 25-1-B has transition peaks between 13°C to 24°C
during heat up period and 26°C to 54°C during cool down. The resistivity plots for

both Sample 25-1-A and 25-1-B can be seen in Figure 6-27.
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Figure 6-27 Resistivity plots for Samples 25-1-A and 25-1-B.
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Using the different sputter deposited films within the resistivity testing
apparatus, transformation temperatures were outlined for most of the films.
Although some produced unexpected results, the data still showed that the
testing set-up was able to calculate transformation temperatures and they are
comparable to those presented within literature. Table 6-5 compares the
resistivity data from the films tested during this research and those reported in
literature. The data for the experimental films presented here are a little higher
than those seen within literature. This is due to the decrease in film thickness.
The Johnson Matthey sample had the greatest resistivity range between all of the
samples, yet its transformation temperatures matched those outlined with several
of the produced samples—20-21-C, 20-64-D, and 20-101-B. Sample 20-101-B
and the Johnson Matthey film also both showed only the austenite phase, A
(110), during x-ray diffraction. Samples 20-101-A, 25-1-A, and 25-1-B all show
transitions at the low or colder end of the temperature cycle, between -10°C to

10°C. These samples share the same phases A (110) and M (020).
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Resistivity

Sample/Researchers | Sample History Composition (Q*um)
2 mm X 2 mm X
: 40 mm; hot . .
SK Wu, HC Liu, & Ao Equiatomic
TY Lin [1] rolled; 4OQ C{24 Ti-51 at% Ni 0.5-1.3
hour aging;
water quench
AD Johnson [2] Bulk sample n/a 0.75-0.85
5 um thick;
NW Botterill & DM 600°C/30 min Ti-47.5 at% Ni 0.53-0.56
Grant [3] anneal; acetone | Ti-49.6 at% Ni ' '
clean
KP Mohanchandra, o .
KK Ho, & GP 500°C/20 min n/a 0.65-0.83
anneal
Carman [4]

Johnson Matthey 50.8 um thick | Ti-50.06 at% N 0-8
20-21-C 3.73 um thick | Ti-47.59 at% Ni 0.87-1.5
20-64-C 1.00 pm thick | Ti-49.95 at% Ni 1.9-2.1
20-64-D 1.00 pm thick | Ti-48.30 at% Ni 1.3-15
20-101-A 1.66 pm thick Ti-51.53 at% Ni 1.6-2.1
20-101-B 1.66 pm thick | Ti-49.69 at% Ni 1.2-1.6

25-1-A 1.05 pm thick | Ti- 50.15 at% Ni 1.2-1.5
25-1-B 2.04 pm thick | Ti-48.34 at% Ni 1-1.7

Table 6-5 Resistivity data comparison between literature samples and
experimental samples
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Chapter 7 Conclusion and Future Work

Shape memory alloys are materials that when deformed at a low
temperature they are capable of returning to their original shape or form when
exposed to the appropriate thermal or stress procedure. The shape memory
effect is characterized by three phases—austenite, martensite, and
rhombohedral. Austenite or the B2 phase has a CsCl type order. Martensite has
a monoclinic or orthorhombic type structure that depends upon the sample’s
composition. Rhombohedral or R-phase is composition dependent and appears
upon cooling and before the martensitic transformation occurs. Although the first
documentation of the shape memory effect was seen in 1938, this phenomenon
did not grab worldwide publicity until William J. Buehler of the U.S. Naval
Ordinance Laboratory presented his findings in 1962 on nickel-titanium. In his
honor, nickel titanium shape memory alloys are also known as Nitinol—Nickel
titanium Naval Ordinance Laboratory. Numerous alloy systems have been
discovered that exhibit the shape memory effect like TiNb, AgCd, NiAl, NiTi, and
CuZnAl. However, only copper-based systems (such as CuZnAl and CuAl Ni)
and Nickel Titanium (Nitinol or NiTi) have been given substantial commercial
attention. The NiTi system is often preferred due to its large shape memory

strain, thermal stability, excellent corrosion resistance, high ductility, considerable
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work per unit mass, and attractive transformation temperature. Since their
discovery, SMA have been introduced to several industries—
aerospace/aeronautical, medical, industrial/civil engineering, consumer products,

automotive, and electronics.

The most commonly measured bulk scale properties for SMA include
hardness, yield strength, Young’'s modulus, electrical resistance, and deformation
abilities. Although these properties have been investigated, SMA characterization
and testing has yet to be standardized. It is also common practice for each SMA
investigative team to test their samples within their own labs with “homemade”
testing equipment and produce them with a myriad of processing parameters.
Although substantial information is available on the mechanical and physical
properties of bulk scale shape memory alloys, minimal data is available for thin
film shape memory alloys. The discrepancy among the thermomechanical
processing parameters for thin film SMA because of the variations between
research teams and their respectively available equipment makes it difficult to
rapidly produce SMA films for characterization and application. The objective of
this research was to resolve these issues and help the community bring more

theoretical devices into fruition.

The NiTi thin films investigated within this study were produced using
sputter deposition, annealed using a brew furnace, and characterized using x-ray
diffraction, scanning electron microscopy, energy dispersive x-ray spectroscopy,
and electrical resistivity. Sputter deposition was chosen over other production

methods due to its ability to control film thickness and composition and its ability
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to produce films with excellent mechanical film properties and extremely fine
grain sizes. Sputtering also allows more adherent films to be deposited and
allows the production of complex shaped objects. When films are deposited at
room temperature, they are amorphous and unable to present the shape memory
effect. Therefore, an annealing schedule was required. The outlined
characterization methods allowed the investigation of phases present,
microstructure observation, composition, and transformation temperature. The
optimal sputter deposition parameters to produce crack-free films consisted of
NiTi target power of 400 W, Ti target power of 15 W, and an argon deposition
pressure of approximately 2.8 mTorr. If the same parameters were used with
either 5.0 or 8.1 mTorr deposition pressure, then the resultant films would
delaminate or have cracked surfaces, respectively. Majority of the deposited
films showed mixed phases present—both austenite and martensite phases were
present. A few showed only the austenite phase, but there was no recognizable
correlation between the samples and the phases present. After numerous
resistivity testing setup variations, the transformation temperatures of several
sputter deposited NiTi thin films were established. An internal 4-wire ohm
configuration provided within the data acquisition unit, a small environmental
chamber set to cycle between -30°C to 120°C, and novel testing apparatus were
used to gather this data. The success of this non-destructive data collection
allows devices to be tested in their fully microfabricated state and not through a

separate, often times destructive, testing step, such as before device fabrication.
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In the future, it would be beneficial to produce and characterize
microactuation devices using the parameters outlined above. The devices should
be produced at varying thicknesses and dimensions. In so doing, the established
nondestructive resistivity testing setup can be used to determine transformation

temperatures of the microactuation devices in their current form.
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