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ABSTRACT "

Shape memory alloys (SMA) are a class of functional materials that are best known for
their very high strength to weight ratio as actuators. This is due to temperature dependent phase
transformation, which allows 4-6% strain. When heated, they contract in length — thereby
producing very large actuation force. Despite their unique properties, the applications of shape
memory alloys as actuators are limited by (a) slow actuation rate that is critically influenced by
cooling time and (b) residual stress in the material that reduce the amount of the recoverable
strain. In the first part of this research, we propose a new actuation mode where we integrate
conduction mode heat transfer in the SMA wire, without any additional element that increases
size of weight of the actuators. This is motivated by the observation that the it is not possible to
improve natural convective heat transfer for a given specimen cross-section and that conduction
mode is faster than convection. We propose a ‘segmented actuation’ where instead of heating the
entire length of the wire, we piecewise segment it and perform controlled heating. This allows the
unheated segment (neighboring two heated ones) act as a temporary heatsink that receives heat by
conduction. Using a controller along with segmented heating of the alloy, we demonstrate that the
actuation rate can be improved three-fold, without any change in the shape memory properties.
However, the segmented approach essentially costs some recoverable strain. In the second part of
this research, we focus on the residual stress in the SMA wire, which is difficult to avoid because
the wires are manufacturing by drawing process. We propose a unique annealing process that
works at significantly lower temperature (<200°C) compared to conventional annealing processes.
In this process, we apply very high current pulses (100A) with small pulse width (4 micro-
seconds) and low frequency (2 Hz). This unique power application does not allow large
accumulation of heat (to raise the temperature), but the electron wind force is very strong to
mobilize and eliminate the defects and precipitates. We demonstrate our proposed Electropulse

Aging Treatment (EAT) to improve the recoverable strain by 30%, mitigating some of the loss



from segmented heating. Through higher current electropulsing, the phase transformation
temperatures can be altered, in addition to improving the recoverable strain, signifying another
mechanism in which the actuation rate could be improved. Additional work was done on non-
destructive testing methods, where a new method of mapping residual stresses in welded
materials was developed. By using the cooling rates at each pixel in the thermal image data of a
sample during cooling, defects could be determined through changes in those cooling rates due to

changes in heat transfer properties from defect concentrations.
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Chapter 1

Literature Review

Motivation

Shape memory alloys (SMAS) are a class of functional materials. These materials are
unique in the fact that they are able to withstand large amounts of recoverable strain. Recoverable
strain refers to the strain that the material is able to withstand without permanent deformation.
This large recoverable strain lends to their ability to be used in numerous applications. One
current application is in the medical field, where they are able to be used as stents [1,2]. Research
continues for future medical applications of SMAs, such as reducing the size of endoscopic
mechanisms, which has the potential to make endoscopic procedures more pain-free [3,4].
Additionally, these materials have shown promise in the field of Civil Engineering, where
researchers have investigated their use as seismic isolation devices [5], or as a construction
material to dampen seismic events. [6].

To continue to advance these domains, there are several key improvements that need to
be made in the shape memory properties of shape memory alloys. An important property to
improve is the strength of the material, which is important for civil applications and actuator
applications [7]. Despite having a magnitude or so more recoverable strain than conventional
alloys, actuator applications can be improved through even greater recoverable strain [8].

The final and most important improvement to SMAs will come in the form of improved
functional fatigue life [9]. Functional fatigue is an important property to improve because it is
reached quickly in shape memory alloys [10]. Improving this will allow SMASs to be used in high

frequency/high cycle applications. However, in order to improve these properties researchers



must continue to iteratively improve SMAs. The work contained in this paper is an attempt to

further improve these properties through novel heat treatment and actuation methods.

Shape Memory Alloy Background

Shape memory alloys are a class of functional materials that are able to recover large
amounts of strain (greater than 6%). This large recoverable strain leads to quite a few applications
for the material, one of is actuators. Commercial SMAs generally are made from NiTi, but they
can come in a number of compositions such as Copper based [11] and Iron based [12]. Generally,
these other varieties of SMAs are researched since they are a lower cost alternative to NiTi.
However, this reduction in cost often results in reduced shape memory properties, highlighting
the need to further improve them.

SMAs are unique because they can recover a large amount of strain in comparison to
other metals. Their ability to recover large amounts of strain is cause by the martensitic
transformation, which occurs in the presence of stress or heat. This transformation is what gives
the SMA its ability to recover large deformations. This transformation is characterized by the
change from the parent phase, austenite, to the martensitic phase [13]. Generally, the material
starts in a twinned martensite phase. The application of strain causes a detwinning of the
martensite, leading to a detwinned martensite. Then, through heating, the strain is recovered as
the phase shifts towards the austenitic parent phase [14]. Since the parent phase of the
transformation is the end phase, we refer to this as the reverse martensitic transformation.
According to Moraweic et al [15] the transformation has an intermediate phase, referred to as the
R-phase. The R-phase is present when the martensite is detwinned from the application of stress.
Following the intermediate phase, we have a transition to parent B2 austenite [15]. The forward

martensitic transformation of course would be the opposite of this transformation.
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The reverse martensitic transformation is characterized by four temperatures; Martensite

Start (Ms), Martensite Final (My), Austenite Start (As) and Austenite Final (As) [16, 17]. The
recovery of the strain, which is useful in actuation applications, begins to occur at the As
temperature, and finishes by the As temperature [18]. This heating to At is referred to as a
temperature induced transformation, as the increase in temperature is what leads to this
transformation. In between these temperatures, the two phases are both present, with the austenite
phase increasing with temperature [19]. In addition to thermally induced transformations, SMAs
undergo stress induced transformations during the beginning of the reverse martensitic
transformation. The initial loading or stress on the SMA in the martensitic phase results in the
intermediate R-phase [20].

SMAs are commonly researched in actuation applications because they possess certain
qualities that other actuators lack. First, they are solid state actuators and therefore light weight
[21]. The solid-state nature of SMAs means that only the SMA is required to make an actuator,
this lack of parts reduces the weight considerably in comparison to electric motors. This solid-
state nature has other benefits, however. Their small size is an additionally beneficial trait,
making them more compact that other actuators in many applications, with a high strength to
weight ratio [4,21].

Despite the benefits of using SMAS as actuators, they have certain shortcomings that
preclude them from being used as actuators in many applications. The primary issue is their short
functional fatigue life, which refers to the point where shape memory alloys begin to lose these
functional properties [3,4]. According to Eggeler et al, functional fatigue is different from
structural fatigue in the fact that it does not mean the mechanical failure of the material, but rather
indicated the functional failure of the material — the loss of shape memory properties [22]. This
functional fatigue is an issue in SMAS because it occurs from thermomechanical cycling of the

material, as known as actuation. Depending on the load and strain on the material, the SMA can



begin to exhibit functional fatigue in 1000 cycles, which is low for most actuator applications
[23].

SMA s suffer from other shortcomings such as a low displacement, actuation speed, and
non-linear control [24]. The low displacement issue is a bit of a misnomer — SMAs have a
unusually high recoverable strain, however improving this recoverable strain makes them useful
for more applications [25]. Researchers have been working for the past decade to improve the
shape memory properties, using a variety of methods such as thermomechanical treatment [26]
and using different alloys [27, 28]. Typically, SMAs (NiTi) will have a recoverable strain in the
region of about 6%.

Huang et al was an earlier researcher on the thermomechanical treatment of SMAs,
looking at how annealing effected the super elastic properties [29]. Huang found that the
recoverable strain can be improved through annealing and transition temperatures can be
adjusted. The addition of alloying elements to NiTi has also been investigated to improve shape
memory properties. The addition of a third alloying element has been shown to improve the
properties of shape memory alloys [30]. Salvetr et al researched the addition of several different
elements to the NiTi composition, and found a that it can be a way to mitigate undesirable phases
in the structure [31]. These two methods of thermomechanical treatment and the addition of
alloying methods are a common way to improve the shape memory properties.

Additionally, the slow actuation rate of SMAs is another issue, as faster actuators are
desirable [32]. The actuation speed of SMAs is generally far lower than that of other types of
actuators [24]. To improve the actuation speed, researchers typically will either reduce the size of
the actuator [33] or utilize a non-axial method of actuation [34]. Though these two methods
works, it is not ideal for actuation applications because reducing the diameter reduces the useful

load of the actuator, and using non-axial methods reduce the recoverable strain. Increasing



actuation frequency while maximizing recoverable strain and the useful load is the best way to
improve the actuation of SMAs.

A large problem with using SMAS as actuators is the control of actuation. The control of
SMA actuators is difficult because the martensitic phase transformation that give the materials
their shape memory properties is nonlinear in nature [24]. In addition to being nonlinear, precise
control can be hard to repeat, requiring a feedback loop for accurate control [35]. These feedback
loops can eliminate some of the control issues with SMA actuators, but at the cost of making
what is supposed to be a simple actuator more complex.

Though research continues on the use of SMASs as actuators, research on the material
properties, or more importantly, the shape memory properties of SMAs tends to be the primary
focus of the literature. Though increasing the ability of SMAs to be used as actuators is important,
this can be done from a more fundamental standpoint by improving the shape memory properties.

These can be improved thermomechanical treatments [36] and changes in alloying elements [11].

Gap In Literature

The literature on improving the recoverable strain and functional fatigue life is filled with
various methods for improving the shape memory properties, such as adding alloying elements
[27] or using thermomechanical treatments [37]. Ideally, new versions of these two methods need
to be introduced, as further improvement of shape memory properties is ideal. The new methods
need to improve the shape memory properties even further than the methods in the current
literature. The cost and complexity of these methods should also be considered, as reducing the
cost of the material could increase potential applications.

Additionally, the literature tends to have gaps on actuation methods in order to improve

actuation frequency of SMA actuators. Most of the literature tends to focus on the



thermomechanical treatments as a means to improve shape memory properties [11] and in turn
the actuation frequency, or through actuation methods that likely lead to poor actuators for larger
loading conditions [28]. To continue to improve the actuation frequency of SMAS, new methods
need to be developed that have not yet been considered. These methods should improve the
actuation frequency by several factors when compared to conventional methods. The purpose of
this work is to discover and investigate novel methods of improving these shape memory

actuators



Chapter 2

Increasing Actuation Rate

Introduction on SMA Actuation

A limiting factor of SMA actuation frequency is fatigue. It was found by Motemani et al
that cooling at too quick of a rate can decrease the fatigue life of the alloy and lead to mechanical
failure [38]. To confirm how quickly our SMA was cooling compared to the methods outlined in
that paper, experimental data was compared to modeling of how quickly SMAs will cool under
forced air induction and water cooling, both of which lead to fatigue problems. Figure 2-1 shows
the results of this modeling, with the experimental cooling rate closely reflecting the modeling of
natural air convection, validating the model. From the model, it is assumed that only small
increases in actuation rate can be achieved before structural fatigue becomes an issue.

The modeling was completed in MATLAB, where the surface temperature of the alloy
was iteratively calculated at each second of cooling. The starting temperature was 60 °C,
representing the start of the martensitic transformation. The modeling was stopped at 18 seconds,
the time it took for the martensitic transformation to be completed in the experimental data. The
modeling differences between the models is that the value of the convective heat transfer
coefficient (h) was varied for each situation. The heat transfer coefficients for water cooling,
forced convection, and natural convection were 120, 60, and 20 respectively. These values of the
heat transfer coefficients are estimated values within the ranges for those modes of heat transfer,
not specific values.

The modeling was based on several elementary heat transfer equations. Equation 1 is the
convective heat transfer equation, which is used to calculate the heat transfer rate (Q) at a given
surface temperature (Ts). This heat flux is used with equation 2 to find the new surface

temperature (T), which is then used to iteratively find the next heat flux. The other terms in these
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equations are the surface area (A), m is the mass of the sample (can vary with surface area), and

Cp IS the specific heat of nitinol (0.32).

Eq 1: Q = h*A*(Ts(i)-T(i))

Eq 2: Ts (i) = Ts (i-1) — (Q(i-1))*(1/(m*cy)

These equations are used to calculate the surface temperature of an SMA sample at each
second of the cooling process. In the case of Figure 2-1, we are specifically modeling the cooling
of a 500-micron SMA sample over the course of 18 seconds. It is found that the experimental data
is similar to the modeling data, however not exact. The discrepancy is likely due to factors such
as an estimated heat convection coefficient, constant heat transfer properties, and a idealized
material properties. What the modeling tells us is that to get significant cooling rate gains, we
would need to use cooling methods that have been shown to be detrimental to SMA properties
[38]. The purpose of these results being in this introduction is that this modeling had significant
influence on the research and experiments that were conducted in this chapter. These preliminary
results showed us that increasing the heat transfer through the material would likely be a poor

method of increasing the actuation frequency.
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Figure 2-1: Experimental SMA cooling data versus modeling of cooling in different conditions.

However, increasing the cooling rate of the shape memory alloy during actuation is not

the only method of increasing the frequency. The type of alloy and the method in which it is

actuated can be used to further increase the actuation frequency. It has been shown that

decreasing the size of the SMA to increase the surface area in proportion to the volume of the

sample can be used to increase the cooling rate (such as thin film actuators) [39]; however, this

may lead to the same fatigue issues [38]. Figure 2-2 shows a small experiment in which three

different diameter SMASs were actuated conventionally, to compare the rate of actuation. It is

found, as the current literature had suggested, that the thinner wires will actuate faster (the

thinnest wire data has some small clipping issues, do to it actuating faster than the sensor’s

sampling rate could handle). The 0.5mm wire is the best middle ground for increasing actuation
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rate, while not sacrificing too much strength or cooling too quickly, and was therefore used for

the experiments in this and subsequent chapters.
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Figure 2-2: Comparison of actuation rates of different diameter SMA wires.

Another option is to use a different actuation method, such as a bending actuation rather
than axial actuation [34]. Those two methods have both be investigated deeply; however, to
further increase the frequency it is necessary to think of alternative methods of actuation. A novel
method of doing this is referred to as segmented actuation, which involves heating and cooling
sections of the SMA independently. Conversely, all current methods of SMA actuation involve
heating the entire length of the alloys at once. Segmented actuation is unique in the fact that a
single SMA specimen is treated as if it is several separate samples. Figure 2-3 outlines how this
method works.

As shown in the figure, there are two segments of the specimen which are heated and

cooled independently; however, the number of segments can be increased. In the two-segment
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example, actuation begins with both segments in their cooled, pre-strained original states. The

first segment is then heated until all of the strain is recovered, and then it is allowed to cool.
However, conventional SMA actuation would allow this wire to cool completely before being
heated again, but in this novel method of frequency optimized segmented actuation (FOSA), that
is not the case. As the first segment is cooling, the second segment is fully heated before the other
can cool and expand the full length. Then, the second segment is allowed to cool, and as it is
cooling the first segment is heated again, despite not yet fully cooling and expanding. In this
method, neither segment is able to fully cool. The reason for not allowing it to fully cool is that
the cooling part of the actuation takes significantly longer than the heating, and by eliminating
some of this cooling the actuation rate can be significantly increased at the cost of a lower

recoverable strain.
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Methods

Materials

In this experiment, commercially available NiTi wire was used to create the samples.
Commercial NiTi is generally an equiatomic composition of Ni and Ti, as per the manufacturer,
Kellogg’s Research Labs. Conventionally, the samples would be heated using Joule heating;
however, these samples were heated using a different method which involved wrapping magnetic
wire around each segment and passing current through this magnetic wire. This method of
heating relies on the conduction of heat from the magnetic wire into the SMA; however, it was
found through testing that this method results in slightly faster heating and was therefore
preferred. The magnetic wire was 32 AWG enamel coated copper wire.

A 30cm long sample of 500-micron SMA was used, with each magnetic wire segment
being 25cm long. This method of actuation the SMA wire was used in all subsequent experiments
in this paper. For the segmented actuation and the frequency optimized segmented actuation, 60
cm of SMA wire was wrapped with two coils, each 25cm in length, using the same 32AWG
magnetic wire. Since the magnet wire is enamel coated, the coating was removed with a butane
lighter on the ends of each coil to allow current to be passed through the coil. The actuation

temperature of the SMA wire (Ar temperature) was 80°C.



Figure 2-4: Coiled conventional SMA sample (top) along with a coiled segmented sample

(bottom). Note that in between the coiled segments is a 5cm gap.

Segmented Actuation

As seen in applications such as computer chips, one method of increasing the cooling of a
material is the addition of a heat sink. One of the primary advantages of SMA wires is that they
are light weight, therefore it is unwise to add large and presumably heat sinks to the wire.
However, some of the SMA wire itself may be used as the heat sink. This can be done by having
a region in the center of the wire that is not used for actuation, but is used to conduct heat away
from the sections that are used for actuation, as seen in figure blank.

To test that this will improve the actuation rate of the SMA, two samples were
constructed. One sample was a conventionally actuated SMA wire, with one single 50cm coil of
magnetic wire. This sample is actuated by passing current through the single coil, and then
allowing it to fully cool after contraction. The second sample is constructed using two coils of

25cm each, as can be seen along with the conventional sample in figure 2-3. Between these two
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coils is a section of unactuated SMA wire that is 5¢cm in length, which will be acting as our heat

sink. It has been shown that this heat sink offers a slight increase in the actuation rate of the

SMA, therefore it was used for all of the segmented tests at the request of the sponsor.

Frequency Optimized Segmented Actuation

Once the samples were completed for the FOSA experiment, the samples were loaded
into the displacement testing jig (appendix A). The displacement testing jig incorporates and
ultrasonic sensor which records the displacement of the sample during actuation. The goal is to
see how quickly the FOSA sample is able to actuate in comparison to a conventionally actuated
SMA wire, which in our case is a SMA wire with a single 25cm long coil. Each sample is loaded
into the displacement testing jig and is actuated for several cycles to see how quickly it is able to
actuate. In the case of the FOSA sample, it is not allowed to fully cool during actuation, and has
power delivery controlled via an Arduino Uno based controller. This controller (appendix A), is
used to send power to each coil for a specified amount of time. The time power is sent to each
coil was determined through trial and error, finding which time frame resulted in the fastest

actuation rate.

Results and Discussion

Segmented Actuation

The response of the conventional sample and the segmented sample are show in figures
blank a and blank b. Figure 2-4a shows that we achieve an average of 34 seconds cooling time for
each cycle, while figure 2-4b shows an average of 26 seconds to cool. This difference results in
the ability to complete four cycles of segmented actuation for every cycle of conventionally
actuated SMA. It is theorized that this increase in cooling rate is the result of the heat sink

centered between the coils of the segmented sample. Despite the gap being a fraction of the size
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of the coils, it is able to conduct enough heat away from the coils to speed up the cooling, or the

transition from the austenitic parent phase to a twinned martensitic phase.

The gap between the segments was also investigated. A small experiment was conducted
to see how the gap size affected the improvement in the actuation rate. It was found during the
experiment that an increase in the size of the gap improved the sample up until about a 5cm wide
gap, after which the returns of increasing the gap sized were greatly diminished. This led us to
keep the gap at 5cm for these experiments, and it is doubtful that there is any considerable
improvement to be had past what we have observed with the 5cm gap.

The one downside to this method is that it requires an increase in size of the sample for a
given displacement. Since there are two segments of the wire being used to actuate the SMA,
each one needs to be able to fully actuate the alloy, resulting in a sample that is double the length
compared to conventional samples. The tradeoff is that the sample must double in size, or the
displacement during actuation must be halved. In applications where an increase in actuation rate
is the primary concern, this may be a worthwhile tradeoff; however, it may create issues in
applications where high displacement is the desired characteristic. Mechanical amplification of
the displacement may be a method of mitigating this tradeoff, however the practicality of this has

yet to be investigated.
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Figure 2-5: Figure 2-5a (top) shows the response of the conventionally actuated NiTi wire. Figure

2-5b (bottom), shows the response of the segmented NiTi wire.
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Frequency Optimized Segmented Actuation

The addition of a controller to dictate the delivery of power to the segments allows for a
further increase in the actuation rate of the SMA wire. In pervious experiments, power was sent to
a single coil from the DC power supply. Once power was turned off, the DC power supply was
connected to the 2" coil, and once the first was fully cooled, the 2™ coil was powered. It was
hypothesized that by using a device to control the power delivery to the coils, the actuation rate
may be further increased. It was found that the SMA wire had roughly a 300% increase in
actuation rate in comparison to the conventionally actuated sample, and that the SMA wire
actuated 86% faster than the standard segmented sample. Figure 2-6 shows the rate of actuation

of the sample, in the form of a time versus displacement chart.
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Figure 2-6: Time versus displacement chart of the Frequency Optimized Segmented Actuation

sample.
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The increase in the actuation rate is achieved at the cost of the displacement, or

recoverable strain. The recoverable strain of the FOSA sample is half that of the standard
segmented or conventional samples. The loss of recoverable strain is caused by the fact that when
using the FOSA method neither segment is allowed to fully cool, resulting in only a partial
actuation. By keeping both segments from fully actuating, the sample is forced to operate
primarily in the intermediate R-phase, rather than undergoing a full martensitic transformation.
Figure 2-7 illustrates this process, which is based on a stress-strain-temperature schematic by
Follador et al [74]. The schematic is of the typical response of an SMA undergoing the
martensitic transformation in the shape memory effect region. Overlaying the schematic are red
lines, which is the path that the sample will be taking during FOSA. This “clipping” of the

displacement leads to smaller temperature changes for actuation, resulting in faster actuation.

Deformation/Detwinning

Heating

Figure 2-7: Frequency optimized segmented actuation stress-strain-temperature diagram [74].
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Conclusion

Increasing the actuation rate of shape memory alloys is challenging due to the physical
limitations of the material, specifically the risk of fatigue. When cooled too quickly, shape
memory alloys have been shown to have an increase in crack growth resulting in structural
fatigue early in the alloy’s lifespan. To increase the actuation rate, it is necessary to do so without
significantly increasing the rate of cooling of the material. By focusing on novel actuation
methods, rather than increasing the rate of heat transfer, the actuation rate of SMAs has been
increased. Through the use of segmented actuation, the actuation frequency is increased by 24%.
However, additional gains can be made at the cost of the recoverable strain, using the process of
frequency optimized segmented actuation. This frequency optimized segmented actuation is able
to increase the actuation frequency by 86% when compared to the standard segmented actuated
sample. Increasing the actuation rate this significantly comes at the price of the recoverable strain,
decreasing the displacement of the sample by 50%.

Improving the recoverable strain, while simultaneously continuing to improve the
actuation frequency should be the focus of future work. Improving the actuation frequency can be
done easiest by limiting the recoverable strain; however, it is likely that the decrease in the strain
shown in this paper is too great for most SMA applications. In fact, for many applications an
increase in the recoverable strain is required, therefore finding a balance should be the focus of
future work. In the remaining chapters of the thesis, the focus of the work is on just that —

improving the recoverable strain.



Chapter 3

Electropulse Aging Treatment

Introduction to Electropulsing

It is known that the shape memory properties of SMAS can be improved through
treatment methods such as annealing. These annealing methods have been shown to improve
recoverable strain [40] and improve functional fatigue life [41]. Though annealing methods have
proven their effectiveness, they are not without their shortcomings. First, the method is not quick,
with standard furnace annealing taking between 30 and 60 minutes. Second, further improvement
of the shape memory properties is required to increase the applications of SMAs. A new method
of improving these shape memory properties utilizes a different type of annealing. This new
method is known as electropulse aging treatment (EAT).

EAT is a method similar to furnace annealing regarding the end result, but EAT anneals
based on different principles. In furnace annealing, the sample is held at a high temperature for a
long period of time, whereas EAT is a quick process that involves pulsing high current through
the material. This pulsing is often sort and quick, with high rise and fall times. The current from
the pulse can be anywhere from 100A to several thousand amps, and the pulse width ranges from
the lower end of the millisecond scale to the microscale. Additionally, these pulses can be sent
through the sample at a number of different frequencies, depending on the pulse width of the
signal. Rather than taking an hour in a furnace, a sample may be treated using EAT in 120
seconds. In addition, due to the short pulse width, the sample stays at a much lower temperature

during EAT when compared to furnace annealing, making it safer.
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Methods

To conduct this experiment, three commercial NiTi samples were used. These samples
were 500 microns in diameter with a length of 50cm and had a listed Ar temperature of 80°C.
These wires were furnace annealed by the manufacturer; however, one of them was furnace
annealed again to attempt to further improve it. Though the first sample was annealed again, the
second sample was left in its commercial condition, and the third was used for the EAT. The EAT
parameters were as follows; 4ms pulse width, 2Hz, and 100A of current. These parameters were
found to be the best available after testing a variety of different variables.

The samples were then placed inside the displacement testing jig, with the Optris PI640
thermal camera recording the surface temperature of the sample. The displacement of the sample
was recorded using the Arduino board paired with the ultrasonic sensor. Each sample was loaded
with 5 Kg of mass, and then fully displaced by passing 25W of DC current through the sample.
The displacement and surface temperature throughout the displacement were then recorded. This

was repeated for all three samples.
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Figure 3-1: Schematic of Northrop Electropulser (courtesy of Logan Sharp).
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Results and Discussion

The electropulsing experiments were conducted using the Northrop electropulser, which
was capable of delivering 100A of current. Three parameters could be varied in these experiments
— the pulse width, the frequency, and the amplitude (current). With so many different
combinations, samples were initially tested by measuring the change in resistance after pulsing.
This was a quick check to quantitatively evaluate how the samples may have changed during the
pulsing, and allowed for different parameters to be quickly tested. It was found through these
tests that the best results occurred with the maximum amplitude of 100A, the maximum pulse
width of 4ms, and the lowest frequency of 2Hz.

The primary method of characterizing the change in bulk scale shape memory properties
was to record changes in recoverable strain of the SMA. This data was obtained by using the
displacement testing jig (appendix A), which uses an ultrasonic sensor to record changes in
displacement. The electropulsed sample and the conventional sample were both loaded into the
displacement jig and actuated for several cycles. The results of this test are shown in figure blank.
The results show that the electropulsed SMA wire achieves a roughly 30% increase in
recoverable strain when compared to the conventional sample. The plot shows displacement
versus temperature to highlight that there is little change in the transition temperatures of the
sample after electropulsing. However, it is conceivable that this method could be used to alter
phase transformation temperatures such as conventional furnace annealing methods, although this

has not yet been investigated.
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Figure 3-2: Displacement versus temperature chart comparing the bulk scale shape memory

properties of the electropulsed sample.

To better understand this change in the recoverable strain, an investigation into the
microstructural changes was investigated. To do this, X-Ray Diffraction (XRD) methods were
used to characterize the microstructure and presence of precipitates in the conventional sample
and the electropulsed sample. Figures 3-3a and 3-3b show the XRD data. As can be seen, in the
electropulsed sample there appears to be a decrease in the precipitates, resulting in a stronger
martensitic transformation. We theorize that the electropulsing process results in a reduction or
shrinking of precipitates in the microstructure, which results in easier plate growth during phase

transformation, resulting in the improved martensitic transformation. Further investigation
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should be focused on understanding and characterizing the background mechanisms behind the

improvement in the bulk scale shape memory properties.
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Figure 3-3: Figure 3-3a (left) shows the XRD results of the conventional (pristine) sample, and
figure 3-3b (right) shows the XRD results of the electropulsed sample. (Courtesy of Nahid Al-

Mamun)

An issue with the XRD results is that it appears that one is showing the martensite phase,
while the other sample appears to be in the austenite phase (B19’ and B2, respectively). In theory,
the sample should both be in mostly the martensitic phase with small pockets of austenite and
precipitates, but this is not what is being observed. There are several possibilities for what may be
causing this issue. One is an issue in running XRD on these samples. They are thin in diameter
and unique being a functional material, so it is possible that the parameters were not correct for
testing. The other is that through accidental applied stress (bending) or heat from the XRD
process one of the samples underwent a phase transformation — skewing the results. It should also
be noted that from the drawing process the wires go through at the factory, that there may be

some residual stress induced martensite. It is likely a good idea in the future for pristine samples
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to be actuated a few times, along with the electropulsed sample to insure that they are in the same

phase.

Conclusion

The Electropulse Aging Treatment method is a way to improve the shape memory
properties of shape memory alloys by pulsing short bursts of high current through the material.
The improvements from these pulses appear to increase with the amplitude of the current pulse,
with the best improvements being seen at a amplitude of 100A. With the 100A of current, and a
frequency of 2Hz at a 4ms pulse width, the recoverable strain of the SMA wire improved by 30%.
The recoverable strain increased from 5% to nearly 7%. Improvements of the bulk scale shape
memory properties were validated by an investigation into microstructural changes in the part,
with an observable reduction in precipitates, leading to a more complete phase transformation.
The maximum current used in these experiments was 100A, a limitation set by the capabilities of
the lab equipment. It can be hypothesized that a further increase in current density may lead to
further improvements of the recoverable strain and shape memory properties. Other future work
should be focused on further characterizing bulk shape properties, microstructural changes, and

the underlying mechanisms resulting in the improvements from this process.
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Chapter 4

High Current Electropulse Aging Treatment

Problems with low current electropulsing

Previous experiments involving electropulsing shape memory alloys used a current of
100A or less to treat the alloys. This limitation in the current amplitude was a result of the
available equipment, which at most could provide a current of 100A, often times less depending
on the resistance of the sample. For our 500-micron SMA samples, this resulted in a current
density of 500A/mm~2, which is less than has been found to be optimal in other electropulsing
applications. The biggest improvements in the bulk scale properties of the shape memory alloy
occur when the material is treated with the highest available current pulses, so it can be theorized
that further increasing the current will result in additional gains.

Late in this research, the lab obtained new electro pulsing equipment; the Eagle Harbor
Power Module (EHPM). The EHMP allows for currents up to 6000A at a rated 600V; however, it
is generally not possible to achieve both of these extremes simultaneously. Regardless, this pulser
is able to provide significantly higher current densities than previous equipment, so the goal was
to use it to further improve shape memory properties. Due to the success from previous
experiments utilizing lesser equipment, it was determined that similar experiments should be

conducted with the new equipment.
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Methods

The experimental set up for the EHPM is different than the Northrop pulser. The EHMP
does not contain an internal signal generator, and therefore relies on an external one to control the
signal. The external signal generator is responsible for controlling the pulse width and frequency
of the signal being sent to the power module. Another stark difference from the previous pulser is
that this set up does not have a direct way to set the current amplitude. Rather, a current monitor
is used to measure the outputted current amplitude. This amplitude is then controlled through a
combination of pulse width, frequency, an the input voltage from the DC power supply.

Figure 4-1 shows this set up with each component labeled. The entirety of the set up is
composed of the EHPM, the DC power supply, the signal generator, the FT-1 (see appendix), the
current monitor, and an oscilloscope. There are two important things with this set up that may not
be evident from the picture. The first is that the signal generator must be placed at least five feet
away from the EHPM during operation, as the equipment lacks proper shielding to be placed in
close vicinity. The second is that the FT-1 must be powered on before any signal is passed
through it. Failure to apply power to the FT-1 before use may result in damage.

Despite the differences in the pulser, the experiment was conducted similar to that of
Chapter 3. For this experiment two samples were created, both from 500-micron-80°C NiTi
samples. One sample was kept in its original commercial condition, and the other was
pulsed using the EHPM. The samples were then actuated for several cycles in the

displacement testing jig to measure the recoverable strain.
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Figure 4-1: Eagle Harbor Power Module.

Results

The recoverable strain of the commercial and the electropulsed sample are compared in
figure 4-1. This figure also contains the low current electropulsed sample from Chapter 3, in
order to compare the two pulsing methods. The recoverable strain of the high current sample
seems to not be improved any further than it was in the low current electropulsing experiment,
however the sample’s response had clearly changed. It appears that the sample recovers the full
strain over a shorter temperature range than the commercial or low current sample. This indicates
that in addition to the increase in recoverable strain, there is a change in the phase transformation

temperatures of the alloy.



30

. Displacement and Temperature During Acutation
!) T T T T T T

I N0 60-6 -0 O-9-0C-0-0- L
o DOO-0-0C0 G @4-g

—
)
T

Displacement (mm)
—_
<
T

(V)]
T

———Non Electropulsed Sample
OF Electropulsed Sample )
--&- High Current Electropulsed Sample
=5 L L L L L L
20 30 40 50 60 70 80 90

Temperature (°C)

Figure 4-2: Comparison of recoverable strains of different SMA samples. The red sample
represents the high current electropulsed sample, the green being the low current electropulsed

sample, and the blue representing the as-is commercial sample.

The change in transformation temperature is an improvement over the original
transformation temperatures because it allows for the martensitic transformation to occur over a
shorter temperature range. This shorter range indicates that the cooling and heating time for the
transformation to occur will be shorter, therefore increasing the actuation rate in addition to the
recoverable strain. Though the mechanics behind this change are not clear, it is possible that this
change is caused by a reduction in the presence of the intermediate R-phase; however, this is yet

to be confirmed. Some investigation into the microstructure and underlying mechanism of the
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change were performed, however were not able to be completed before the completion of this
thesis.

Figure 4-2 shows XRD data of the high current electropulsed sample and XRD data from
an as-is commercial sample. The difference in XRD data is not as clear as it was for the low
current sample, and it shows possibly a less complete martensitic transformation. However, it is
clear that the samples in this case are both in the same phase — indicating that the test was set up
better this time. One change was that both of the samples were actuated several times before

being sent off for XRD, possibly resulting in the improved results.
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Figure 4-3: XRD results of the original as-is sample (top), and the electropulsed sample (bottom).
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To further characterize the changes to the sample, Direct Scanning Colorimetry (DSC)
tests were run on both samples, shown in figure 4-3. As with XRD, the results aren’t exactly
clear. There is little to show phase transformation temperatures are changing, and are not in line
with our bulk scale results. The actual response of the DSC results seem to be incorrect as well, as
they are showing the phase transformation occurring over a very short temperature range (a few
degrees Celsius), which is highly unlikely. In the results for the original sample, there also
appears to be a significant amount of noise, which is indicative of poor results. It is possible that
these DSC tests were ran incorrectly, and at the time of this thesis we are in discussion with the
staff who ran the DSC testing to see how we can improve for future testing. It should be noted
that the XRD and DSC results in this chapter were both obtained from the staff at the Millennium

Science Complex.
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Figure 4-4: High Current Electropulsing DSC results, original as-is sample on the left,

electropulsed sample on the right.

Conclusion
The success of improving the bulk scale shape memory properties on NiTi had already

been shown using low current electropulsing. Based on that success, it was decided to repeat the
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experiments using higher current, to see if the shape memory properties could be further
improved. It was found that the increase in current did not lead to an increase in the recoverable
strain, however it did change the phase transformation temperatures. The change in martensitic
transformation temperatures appears to be a decrease in the temperature difference between Ms
and Ay, based on the displacement-temperature charts. Additional methods were attempted to be
used to further characterize the changes; however, some issues have occurred in this process and
at the time of this thesis, they have yet to be resolved.

Despite the preliminary nature of these results, there is evidence that increasing the
current in electropulsing will lead to improved shape memory properties. The change in the
transformation temperatures is a favorable one, as raising the Ms temperature, while lowering As,
will lead to improved actuation times. It should also be noted that the high current sample did
have an increase in recoverable strain in comparison to the commercial sample, just not the low
current electropulsed sample. It is possible that there are still additional gains to be had in
improving the recoverable strain. Due to the large number of possible parameters during
electropulsing, it is not reasonable to test all possible combinations, especially in the short time
frame given for this high current experiment. With that, only a few dozen parameters were tested
during this experiment, out of thousands of possible combinations. Additionally, the current used
in this test was around 1000A, but the machine is capable of up to 6000A. Future work should be
geared towards maximizing the potential of the EHPM, and further improving the alloy.
Additional work should be done on understanding the underlying mechanisms behind the

improvement of the alloys during EAT, as well as the changes in microstructure.
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Chapter 5

Non-Destructive Evaluation of Residual Stress

Introduction

One thing learned through the shape memory research was that characterizing defect
density in a material can be difficult, even in a lab setting. Xray diffraction and Direct Scanning
Calorimetry methods proved to be difficult in providing meaningful data on the defects in the
sample. A tangentially related piece of work conducted during the early stages of this research is
outlined in this chapter. Rather than focusing on the improvement of SMAs, this work focuses on
the improvement of techniques to characterize defect density in materials, which is something
that we had be aiming to do with diffraction methods on SMAs in previous chapters. However,
rather than using SMAs, this research was conducted on welded 316L stainless plates, which tend
to be defect heavy in the welded region. The following is on the work conducted in the
development of this non-destructive testing method.

Non-equilibrium thermal and/or mechanical processes, such as additive manufacturing or
conventional machining, give rise to self-equilibrating stresses in an elastic body even in absence
of any external loads [42]. Commonly termed as residual stresses, these are mostly non-uniform
fields with magnitude depending on the degree of thermal, mechanical or microstructural (phase)
misfit [43]. Accordingly, residual stress may span from sub-grain to few-grain to macroscopic
region. Characterization of residual stresses is critical for materials reliability as it is known to
alter fatigue and corrosion resistance [44, 45]. Since residual stress increases local hardness, it
may decrease both fracture and impact toughness [46]. The exact nature of the stress is very
important since tensile stress promotes fatigue crack initiation [47], while the resulting low angle
grain boundaries can be microscopically linked to little resistance to crack propagation [48].
Residual stress also leads to Cr depletion in stainless steel, making it vulnerable to corrosion [48].

Stress corrosion cracking is caused by the co-existence of tensile residual stress and chemically
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aggressive environment [49]. Compressive residual stress has the opposite effect and is thus
sought with various technigues such as laser or shot peening. Since residual stress locally
increases the strain energy density, it influences the recrystallization behavior as well [50]. In
general, the role of residual stress manifests through the increase or decrease of the mean stress,
and the resulting stress redistribution [51]. Even for beneficial contributions of residual stress, a
thorough quantitative characterization of the spatial non-uniformity is required [52]. Accurate
mapping of residual stress is therefore a vital capability for structural applications.

The motivation for this study comes from the observation that residual stress
characterization remains to be a challenging task [53, 54]. Destructive techniques commonly involve
removal (hole [55], ring-core [56], crack [57]) of a small volume of stressed material followed by
strain (or displacement field) measurement. The challenge is to estimate the stresses in the removed
material to the displacement measurements in the adjacent area. The lack of a one-to-one
correspondence removed and adjacent materials is reflected in the integral equation, for which an
inverse solution is sought. A non-contact version of this methodology replaces the strain gages with
electronic speckle pattern interferometry [58]. These are near-surface measurements with single
residual stress line profiles. For internal residual stress, the Contour method extracts 2D surface
deformation from a newly cut plane to calculate the residual stresses that existed in the component
before the cut. Many applications require non-destructive measurements, for which ultrasonic [59]
and diffraction (most commonly, X-ray) [60] principles are well developed. However, X-Ray
diffraction methods can take hours to complete depending on the sample type, so faster methods are
desired. Direct in-operando application of these techniques may be difficult; however, these
techniques are very efficient for laboratory environments.

In this study, we explore the application of focal plane array thermal camera or
microscopes for residual stress measurement with better spatial resolution, depth-averaging and less
cost and sample preparation. A two-dimensional array of many thousands of microbolometers offers

up to 12- micron spatial resolution for uncooled (hence cheaper) devices. The mapping is essentially
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2D, but can account for significant depth averaging. This is because the thermal penetration depth is
a function of thermal loading frequency. For most engineering materials, it can be implemented for a
few millimeters [61], which is very suitable for residual stress mapping. In comparison, X-ray
diffraction spatial resolution and depth-averaging are about 1 mm and 20 um respectively [53].
However, there is very little information in the literature connecting thermal imaging to residual
stress [62]. Infrared imaging has been demonstrated to detect subsurface cracks in welded materials
[63]. Cracks are more readily distinguishable compared to regions of high residual stress, which may
not contain even optically discernable voids. Mapping of thermal diffusivity could be a better path
towards residual stress, but it requires sophisticated hardware or software-based frequency lock-in
algorithms. Thermoelastic stress analysis monitors the small temperature changes in specimens
subjected to elastic strain [64]. However, the requirement of mechanical loading may be problematic
for non-contact applications of structures during operation (in-operando testing). Another approach
is to relate thermal diffusivity to plastic deformation, where increased thermal scattering has been
captured in the proximity of failure surfaces of a mechanically loaded specimen [65].

We present a new technique that uses pixel by pixel cooling rate of a surface (previously
heated to a uniform temperature) to map regions of different thermal diffusivity. The underlying
principle is that regions with high residual stress will have slower cooling rate when compared to
areas with little or no residual stress. The mechanistic perspective is that residual stress is
accommodated in metals by very high density of defects, such as low angle grain boundaries [66].
Since heat flow in metals is predominantly via electrons, we hypothesize that electron-defect
interaction controls heat transfer in a way similar to electrical resistance [67]. For a region with high
density of low angle grain boundaries, the electron scattering is significantly higher compared to
regions with lower or no defect density. An example of this is the low thermal conductivity of
additive manufactured metals and alloys, which can be improved upon annealing [68]. Such high
scattering will impede the heat flow, which can be captured with a focal plane array thermal camera,

and then evaluate the cooling rate for each pixel of the images. The technique is nondestructive and



37

easier to implement when compared to other methods such as lock-in thermography [69, 70]. Further

details are given in the following sections.

Methods

Welded joint samples were used this study because of their well-defined mapping of
residual stress. The central region contains very high residual stress, while stress-free areas are at
the two ends. Figure 5-1a shows the process for the sample preparation by first joining two 316 L
steel plates together using a Tungsten Inert Gas (T1G) welding process. The plates had a 37-
degree bevel and were 15 mm thick. The welding was done with a current of 100 A and the inert
gas was argon with a 10 L/min flowrate. After this, the samples were cut using a wire
electrodischarge machining process from the welded plate into samples of a thickness of 1.5 mm.
The samples were then manual polished to ensure a smooth surface absent of most surface
defects. Due to the reflectivity of the final polished samples, they were then coated in a thin 0.07
mm thick adhesive backed graphite coating. This was done to ensure that the IR microscope
would be able to achieve an accurate surface temperature reading. The thin coating was applied
uniformly across the entirety of the sample and contained no obvious surface defects.

Sample temperature was measured with an Optris Pl 640 thermal microscope with
640x480 resolution focal plane array with 25 um pixel size. It has a temperature range of -20°C to
900°C, with a spectral range from 8 to 14 pm. The microscope also utilizes a proprietary
thermography software to record and display thermal images and videos. The samples were
resistively heated to a uniform temperature using an Agilent DC Power Supply, capable of up to

17A or 200V. The experimental setup is shown in Figure 5-1b.
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Figure 5-1. (a) Specimen preparation process. (b) Experimental set up showing the thermal

camera and the DC power supply.

In a typical experiment, the sample is heated using the power supply until the temperature
distribution across the entire sample is uniform and constant. In this experiment, this was
achieved around 75-80 °C. Figure 1b shows the thermal image of the sample at the equilibrium
temperature. As can be seen in the image the temperature is nearly uniform across the entire
surface of the sample, with no more than 1°C of variation at any two points. It is imperative that
the sample is heated uniformly due to the non-linear nature of cooling, otherwise comparing the
cooling rates at different points on the sample would not be accurate. The equilibrium
temperature will vary based on the power being passed into the sample, but it is important that it
is high enough above ambient temperatures for the different temperatures in cooling rates to be
apparent, which seems to be roughly 20°C above ambient. After holding on to this temperature
for 30 seconds, the power supply was turned off and the IR microscope began recording the
surface temperature of the sample. The IR microscope recorded the surface temperature of the
specimen at a sampling rate of 20 frames per second for the next 100 seconds. The data from the
image frames is then exported as .csv file to be run through a MATLAB program to determine the

cooling rates at each pixel in the frame.
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The data from the thermal images are run through a MATLAB program to calculate the
pixel-by-pixel cooling rate. Rather than determining a gradient across the entire several hundred
frame dataset, a simpler method is employed. Since the specimen is at a uniform temperature at
the start of cooling, data from the first frame, and data from the last frame (at the end of the
cooling) are used to establish a linearized cooling rate, by relating the change in temperature to
the timespan. This linearized cooling rate is then calculated at each pixel of the image dataset.
This new data is then used to create a contour plot comparing the linearized cooling rate at each

pixel. Figure 5-2 is a flowchart showing how the details of the algorithm
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Calculate linearized cooling
Convert .csv files into rate (difference between
matrices frame temperatures over
time)

Export image temperature
data as .csv file for two
frames

Analyze plot - higher levels
indicating higher stress
concentrations

Plot cooling rate values as
contour plot

Figure 5-2: Flowchart of how the MATLAB algorithm works and is used. This flowchart

begins after the thermal image data has already been taken, when the algorithm is used.

Experimental Results

As a first step towards demonstration of the proposed technique, we performed
residual stress mapping of the specimens using x-ray diffraction [71] and microhardness
techniques. This is a critical step because a convincing validation would require close
agreement between these techniques. Figure 5-3a shows the x-ray diffraction measurement at
the center of the specimen, where the residual stress is measured to be around 440 MPa. A
Malvern Panalytical X'Pert 3 MRD system with 4 -circle goniometer was used to apply the
sine squared psi technique [72]. Here, we scan over a particular peak for different tilt
positions to meet the Bragg condition, while noting the shift of the peak. We fit a straight line
is fitted to these peak positions and use the slope, the Young’s modulus and the Poisson’s
ration to determine the residual stress. The technique is surface sensitive, hence depth of
penetration, angle for Bragg criteria, and the wavelength of the radiation are important. We
used Cr radiation with 2.28973 A wavelength in this study.

The microhardness technique was used to obtain a two-dimensional map of the
residual stress in the specimen. We used a Qness Q60 A+ micro indenter to perform

indentations along a line that spans the un-stress parent metals as well as the weld zone. It is
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expected that the weld region will have very high density of immobile dislocation networks
that increase hardness. This is shown in Figure 5-3b, where the weld zone has an average

microhardness of 350 HV, which decreases to approximately 200 HV at the parent metal.
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Figure 5-3: (a) X-ray diffraction measurement of residual stress at a point on the centerline
(dashed line) of the specimen (b) Vickers microhardness measurement along the specimen

length (green line) showing the hardness differences in the parent metal and the weld zone.

After quantifying and mapping the residual stress in the specimens, we now applying
the proposed pixel by pixel cooling rate measurement technique. A representative set of
results is shown in Figure 5-4. Here, clearly discernible contrast is seen in the two-
dimensional cooling rate map, when we compare the central region (weld zone at 440 MPa
residual stress) to the parent metal. Qualitatively, the difference between the colors in the
figure correlates to a difference in residual stress concentrations. Quantitatively, we are
estimating a resolution of around 42 MPa, based on the thermal camera’s 0.1 °C resolution
and the difference in stress between the center of the sample (Figure 5-4b, point 1) and the far
edge (Figure 5-4b, point 2) being 250 MPa. With an absolute difference in the cooling rate
between these two sections being 0.6 °C/s, and a temperature resolution of 0.1 °C/s, this leads

to a residual stress resolution of 32 MPa with spatial resolution about 25 um. In comparison,
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the residual stress and spatial resolution for Xray diffraction is about 14 MPa and 1 mm. It is
important to note that our reported resolution is for a cheaper, un-cooled infrared microscope.
Therefore, significant room for improvement exists for microscopes that more precision in

temperature and spatial domains.
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Figure 5-4: (a) Contour plot showing the difference in cooling rates on different sections of
the welded sample. The color bar represents the change in temperature per second. (b)
Thermal image of the sample at the onset of cooling, highlighting the uniform temperature
distribution.

To explain the observed difference in cooling rate, we consider the three-dimensional
heat transfer equation given below. The cooling rate is represented by the ‘;—: term, which

depends on Kk, ¢cpand p representing the thermal conductivity, specific heat and density
respectively, with the partial differentials on the left representing the temperature distribution

across the specimen in three dimensions.
d (, dT a (, 0T\ , @ (, 0T T
(k50 + 55 (5) + 5 (k5) + av = pen; 1)
Generally, in finite element simulations on residual stresses in welds, these properties
are assumed to be the same for the welded/heat affected regions and the surrounding parent

material, but this is not the case, as has been shown in the literature [73]. We can assume that

the density of the welded region is very similar to that of the parent material, because 316L
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filler material was used in the welding process, with 316L being the parent material. It has
been shown that the thermal conductivity and specific of the welded region decreases
compared to that of the parent material. It should be noted that these changes are at
temperatures below 200 °C, and the differences can vary more at higher temperatures. For
temperatures below 200 °C (our experiments are performed at about 80 °C), thermal
conductivity decreases more rapidly than the specific heat [73]. Rearranging the nonlinear
3D heat transfer equation to solve for the rate of temperature change, we can visually inspect
how the thermal conductivity and specific heat will influence the rate of temperature change.
Since we are measuring cooling rate pixel by pixel for a sample with uniform initial
temperature condition, the dominating factor is the heat flow from the interior to the surface,
where the heat is removed by convection. For two extremes, we consider two pixels at the
weld region and parent metal. The pixel at the parent metal with higher thermal conductivity
will transport more heat energy to the surface that will cool faster compared to the pixel on
the weld region. The inverse effect is expected for the specific heat variation from parent
metal to the weld zone. Therefore, our experimental results on slower cooling rate in the weld
zone agrees with the study that thermal conductivity will decrease by a larger factor than the

specific heat at temperatures under 200 °C [73].



Conclusion

Nondestructive evaluation techniques are critical for commercial and industrial
applications, where production parts need to be tested without being damaged. In most cases,
particularly for residual stress measurement, these techniques are mostly relegated to research
environments due to their complexity and difficulty to implement. For example, the Xray
diffraction technique is impractical to be directly applied to a welded joint. Another well-
established technique, ultrasonic testing also required special medium that can hinder in-operando
testing of systems or components. To address this concern, we present a simpler thermal imaging-
based technique that can estimate the residual stress. The basic requirement is smooth and
contaminant free surface and line of sight to an infrared camera. The region of interest is heated
to uniform temperature and then cooled by natural convection. The cooling rate is compared with
the same material with no known residual stress. The fundamental mechanics is that higher
residual stresses involve higher concentrations of microstructural defects that decrease the
thermal conductivity of a material. For uniform initial temperature condition, this decrease in the
thermal conductivity causes the material to have a slower cooling rate. We have demonstrated
this mechanism on welded 316 steel samples. With cheap, uncooled thermal camera, we report
residual stress resolution of about 32 MPa and spatial resolution of 25 um. This compares
favorably with x-ray diffraction technigue with corresponding values of 14 MPa and about 1 mm.
However, the unique advantage of our approach is its applicability on systems and components
and not just in laboratory setup. Future work may be focused on increasing the resolution of this

method and further increasing the ease of implementation.
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Chapter 5

Conclusion

Shape memory alloys are a functional material whose unique properties allow them to be
useful as solid-state actuators. These properties, known as shape memory properties, allow the
material to recover large amounts of strain, on occasion over 6%. Despite being unique, the
shape memory properties are often not great enough for SMAs to be used as actuators in some
applications. Improving these shape memory properties is key to expanding possible applications
of shape memory alloys. The first focus of this thesis was on improving the actuation rate of
SMAs through novel actuation methods.

The first method explored was segmented actuation, which resulted in an improvement in
the actuation frequency of 24%. Following the segmented actuation experiments, a method
referred to in this paper as Frequency Optimized Segmented Actuation was developed. FOSA
was able to improve the actuation frequency an additional 86%; however, there were some
limitations to this method, with the primary issue being that the recoverable strain is decreased by
50% in order to achieve the high actuation speed. The decrease in recoverable strain is a result of
the method restricting a full martensitic transformation in the material. This issue of the
recoverable strain decreasing led to the remainder of this research being focused towards
increasing the recoverable strain.

The recoverable strain of the material was improved in this research through a novel
method of heat treatment, known as Electropulse Aging Treatment. EAT is a method of near
room-temperature heat treatment which results in improved shape memory properties. It was
found that by using EAT at 100A, with a pulse width of 4ms and a frequency of 2Hz, the

recoverable strain of the SMA can be increased from 5% to roughly 7%. This improvement was
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by a possible reduction in defects inside the material, which was investigated using XRD and

DSC methods. However, it was thought that further increasing the current amplitude may lead to
further improvements in shape memory properties, which was a limitation of the available
equipment.

Towards the end of the research conducted in this thesis, our lab group obtained the Eagle
Harbor Power Module, which was able to achieve currents as high as 6000A. This higher current
was an improvement over the 100A of our older equipment. Though the new equipment was not
able to be used to its full potential by the end of this research, some interesting results had already
been obtained. It was found that by increasing the current to 1000A, there were no additional
gains in the recoverable strain; however, there were changes in the characteristic temperatures of
the material, specifically a moving of the Ms and Ar temperatures closer together, which in theory
may lead to improved actuation rates.

The original focus of this research was on improving shape memory alloys in a way that
they would make better actuators. This was first done by working on improving the actuation
rates of standard NiTi alloys, which was achieved at the cost of the recoverable strain. The
recoverable strain was then improved through electropulse aging treatment, which has some
potential to influence phase transformation temperatures at higher current amplitudes. These
methods can be combined to result in an overall net improvement of shape memory alloys in
actuator applications, specifically those in which high actuation rates are required without
sacrificing strength (useful load).

Future work will need to be focused on trying new combinations of electropulsing
parameters in attempt to further improve shape memory properties. Other types of shape memory
alloys may also be tried in this process, such as Fe based SMAs, which tend to be more defect
heavy. It is also important that the changes in the microstructure from the EAT process are better

characterized and understood, either through current XRD and DSC methods, or other processes.



Appendix

Materials

The primary SMA material used in these studies was a commercial NiTi SMA
manufactured by Kellogg’s Research Labs. The NiTi was purchased in wire form, generally in
short lengths of 5 feet. This wire was cold drawn through a circular die and was heat treated by
the manufacturer. The surface of the material was uncoated and polished by the manufacturer.
The wire is available in a number of different actuation temperature ratings, which refers to the As
temperature of the material. The temperatures available were Super Elastic (10C), Air Temp
(20C), Body Temp (35C), Standard Temp (45C), and High Temp (80C). The focus of this work is
on the Shape Memory Effect rather than the Super Elastic, so the Super Elastic wire was not
considered. Because the High Temp wire resulted in the fastest actuation time, it was selected for
the majority of the testing.

The SMA wire was also available in a variety of diameters. The diameters which were
available to us were 75-micron, 250-micron, 500-micron, 1mm, and 2mm diameter wires. These
diameters were available in all the temperature ratings. Original work on this project began with
the 2mm diameter SMA wire, however as the work progressed the diameter of the wire was

slowly reduced, with all of them being tested at some point.
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Experimental Testing Set Ups

Displacement Testing Set Up

In order to measure the recoverable strain of the SMA wires, it was necessary to create an
experimental set up that would allow us to measure the displacement of the SMA wire during
actuation. This actuation of the wire requires hanging a load from the SMA wire, which can be as
heavy as 20Kg for 2mm diameter wires. Therefore, it is imperative that the testing set up is not
only strong enough to hold the load, but strong enough to not flex during the actuation of the load
to ensure accurate measurements. Two iterations of this testing set up were required to meet these
needs. Originally, the displacement of the SMA wires during actuation was measured by
actuating the wire in a testing rig constructed from 17 black steel pipe with some additional 1.5”
SCHA40 PVC fittings. The grippers were constructed from eSUN PLA+, which was 3D printed for
each specific SMA wire diameter. The testing set up had issues with flexing under load, due to
the small base. 3D printed grippers should be avoided for SMA or any thin wires.

The next iteration of the testing set up was created to address the issue of excessive
flexing under load. This testing set up can be seen in Figure 1, created using 1.5 aluminum
extrusion pieces. The length of the testing rig allows for 50cm of SMA wire to be actuated at
once. The SMA wire also rests on a pulley, to ensure that friction is not inhibiting the actuation of
the wire. Since the base of the testing rig is large, and a considerable amount of aluminum is
used, there is zero flexing under load. An additional area of concern from the previous version
was the 3D printed grips. These grips would wear quickly, and if used enough would slip, thereby
dropping the load. The slipping issue in the grips resulted in a safety issue since the loads were
often heavy, so the grippers were upgraded to tensile testing grippers. The improved grippers are

able to secure any available diameter of SMA wire.
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Figure A-1: Displacement Testing Jig.
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sample during actuation needed to be measured. To do this, an Arduino board and an ultra-sonic

sensor were incorporated into the displacement testing set up. The Arduino board was an Arduino

uno, manufactured by Elegoo. This board had a HC-SR04 utlrasonic sensor wired to it, which

was used to measure the recoverable strain. The sensor could reliably measure the displacement
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during actuation to +/- Imm. This was sufficient to get good data for actuations over 15mm,

which correlates to a wire length of at least 25cm.

Figure A-2 shows the wiring diagram of the Arduino board and the ultrasonic sensor. The
red wire represents a connection between the 5V output pin on the Arduino and the 5V input pin
on the sensor. For the ground pins on both, the black wire is used, with the blue and yellow wires
representing a connection of pins 11 and 12 with the echo and trigger pins on the sensor,
respectively. To receive power, the board was also connected to a laptop using a Type-A USB
cable, which also provided data transfer. A script was written in the Ardino development
environment (IDE) which controlled and recorded sensor data. The script allowed for two
parameters to be changed; the resolution, which could be changed between a millimeter and a
centimeter, and the sampling frequency. The sampling frequency was set to 4 Hz due to the slow
speed of SMA actuation. However, during the faster actuation of thinner wires the frequency was
increased. It should be noted that the wiring diagram shown in Figure A-2 is representative of the
actual wiring in the experimental set up, so if the same code is used the sensor will work.
However if a different Arduino script is used, the pin callouts may need to be adjusted in the

script for this specific wiring diagram to work.
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Figure A-2: Wiring diagram for Arduino based ultrasonic sensor.

Arduino Controller

To actuate the SMAs, a power supply was used to pass DC current through the alloy,
therefore heating it. Because the power supply could not quickly turn on and off, high frequency
actuation experiments were difficult. To get around this, a controller was made using an Arduino.
The purpose of this controller was to give precise control of when and where power from the DC
supply was being sent. The controller was based on an Arudino uno manufactured by Elegoo and
an 8-channel relay, which could send power to multiple SMA wires. A script was written for this
controller, with the following parameters: the duration of time the power is being sent, and the

SMA (or relay channel) which the power is being sent. A wiring diagram for the controller can be

seen in Figure 2
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Figure A-3: Wiring diagram for Arduino based controller.

Thermal Camera

Throughout this research a thermal camera was used to monitor the surface temperature
of the SMA during actuation. Due to the temperature dependence of actuation, accurately
measuring this temperature was important to properly characterize the samples. To do this, an
Optris P1640 thermal camera was used, which boasts a high resolution of 640x480p. In addition
to the high resolution, the sensor was capable to up to 32 frames per second with the ability to
accurately measure the temperature to the nearest tenth of a degree. Temperature and time data
were exported for each pixel of each frame in order to properly analyze the data from the camera.
Optris also has a proprietary software for this camera, the Optris PIX Connect, which has real
time monitoring and recording of the thermal data.

It should be noted that the proprietary software can be downloaded one of two ways;
either through the manufacturer’s website, or the Optris USB drive in the lab. One common issue
that may be encountered when first using the P1X software is a black screen where the thermal
output image should be. This can be solved by going into the following tab: Tools >
Configuration > General. In the general tab there should be a slide bar that allows you to chose

between performance and quality, set it to the center and the camera should begin to work.
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Eagle Harbor Electropulser

Used in some experiments towards the end of this research, the Eagle Harbor
Electropulser allows for pulsing with current in excess of 6000A. This pulser set up is similar to
the previous set up, however has some key differences. This pulser has a dedicated pulser that is
powered by a DC power supply (Magna 575), however this DC power supply is capable of 600V.
The Eagle Harbor Power Unit (the pulser), does not have controls for frequency, amplitude, or
pulse width as the Northrop unit does. For this set up, the frequency and pulse width parameters
are controlled by the BNC Signal Generator.

The signal generator can be seen in figure A-4, and controls the frequency and pulse
width of the signal. The pulse width can range from several seconds down to nanoseconds. The
frequency ranges from 0.1 Hz to 1000 Hz. This signal generator is attached to the Eagle Harbor
Power Unit with a fiber optic cable, and it is important that the signal generator is kept at least 10’
away from the power unit due to shielding issues. The run stop button on the signal generator is
what controls whether or not the Eagle Harbor Power Unit is sending pulses of current or not, it is
the primary switch to be used when pulsing samples. Between the signal generator and the power
unit is the FT-1, a device which connects the signal generators output and converts it into a signal
which can be fed through the fiber optic cable. It is imperative that the FT-1 is plugged into a

power source before a signal is sent through, or it could be damaged.



Figure A-4: Eagle Harbor Power Module and equipment.

The DC power supply is what powers the Eagle Harbor Power Unit. The device is turned
on by the power switch, as shown in figure A-4, however it will not send power until the green
start button is pushed. Pushing the red stop button will stop power delivery. The power being
delivered is generally controlled by the voltage knob, and can range from 0-600V. However, the
current knob must be turned one full rotation before the voltage knob will begin to increase the
power. As shown in figure blank, the DC power supply is connected to the Eagle Harbor Power
Unit’s HV IN input. It will work if it is connected to any two HV IN pins, regardless of where the
power unit’s output is connected to.

The Eagle Harbor Power unit has two switches, one located in the back, and one located
in the front. The one in the back should be turned on first, then the one in the front. It is important
that the output pins are properly grounded using the “chicken stick” before the rear switch is
turned off, as there are high voltage outputs along the back of the power unit. Figure A-5 shows

the outputs on the back of the power unit. For the output to work, wires must be connected to two
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positive HV Out and two negative HV Out pins. These wires are then connected together before

they are attached to the sample. These wires can be attached to any combination of output pins, as
long as it uses four total output pins, and two are positive and two are negative. Due to the high
currents involved with this equipment, it is important that these outputs are not touched without
proper precautions. According to the manufacturer, allow several minutes to pass after use for the
capacitors inside the pulser to discharge. Then use the chicken stick (in the lab), to ensure
capacitors have discharger. Finally, use a multimeter to ensure there is no more power being sent

to the outputs.

Figure A-5: Eagle Harbor Power Module and DC power supply outputs.

Unlike the Northrop pulser, there is no means to set the current on the Eagle Harbor
equipment. Rather, the current can be measured using the current monitor connected to an
oscilloscope. The output current is the voltage amplitude recorded by the current monitor
multiplied by 40. Therefore, an output on the oscilloscope of 10V would be 400A. The current

can be varied by the frequency and pulse width settings on the signal generator, as well as by



56
increasing the voltage supply. Increasing the pulse width and decreasing the frequency generally

results in an increase in the current amplitude. However, it is important to start at a low voltage
and pulse width for a new sample because the current output will be unknown. Too high
parameters will result in arcing across the sample which may damage the sample.

There are other safety recommendations when using this equipment. One is that the
sample and all other wires should be taped down to the table before use, this is especially
important for SMAs which may move during pulsing. If the wires or samples move a short may
be created, which may be particularly loud at these high currents. Another safety option is to use
the thick rubber gloves in the lab when removing samples, as these are insulated. Additionally,
insulated tools should be used when working on the equipment; however, most tools in the lab
should already fit this criteria. The most important tip with this equipment is to always start low
and slow with the current, and then progressively increase the current in small intervals. This will

ensure the best results experimentally while also keeping the lab safe.
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