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1. Abstract

The following is a tutorial written for an instructor of a class that might discuss smart materials,
namely shape memory alloys (SMAs). It provides fundamental information about SMAs, in-
class shape-training exercises, and a longer take-home shape-training assignment. When we first
commenced reading papers and running experiments to write this tutorial, we found most papers
that describe the process of shape-training make it sound much simpler than it is. We have
attempted in this tutorial to describe the pitfalls and the many lessons we learned through
preparing to write this shape-training tutorial. We hope this tutorial gives classes of interested
engineers and materials science students a more realistic and practical approach to understanding

SMA shape-training.

2. Tutorial Purpose and Educational Outcomes

The purpose of this tutorial laboratory is to give hands-on experience to students new to shape
memory alloys (SMAS). There are three sections to the tutorial, where each successive section is
designed to build upon the previous section(s), augmenting the students’ understanding so that
each can confidently employ SMAs in a given design application. The three sections are
described as follows:

1. A pre-lab reading assignment and a short lecture that describe the basic principles of the
shape memory effect, the difference between superelasticity and shape memory, as well
as shape training

2. Anin-class tutorial providing initial hands-on experience with training wire and using the
training process to control geometric and mechanical properties

3. A lab homework in which the students must employ their knowledge of SMASs to design
an actuator with specific force/displacement characteristics

2.1. Educational Objectives

By the end of the tutorial, the student should:
1. understand the basic principles of shape training,

2. understand the difference between superelasticity and shape memory,
3. be able to train a wire into a desired shape,
4

be able to train a wire to have controlled properties (i.e. transformation temperature), and



5. be able to create a spring actuator with specific output forces and displacements using
design equations.

3. Leader Guide

The following section covers the safety issues, material requirements, tutorial procedure, and
grading methods. Instructors considering employing this lab should first examine the material
requirements and procedures to ensure the tutorial costs, logistics, and times are feasible within

their class structure.

3.1. Safety Issues

In this tutorial, instructors and students will be dealing with extremely high-temperature ovens
(up to 550°C) or high current sources. Always use protective equipment such as tongs or high
temperature gloves when handling hot items, and beware of electric shock. High temperatures
will again be encountered when measuring transformation temperatures with a hot plate, so
caution must be taken to prevent burns there as well. Also, the ceramic fixtures may break if
dropped or if they encounter thermal shock. Students and instructors should be aware of possible

jagged, sharp edges from broken fixtures.

3.2. Heating Methods

Shape-setting of SMA is a thermally-induced process that occurs when the alloy is heated to
temperatures of approximately 500°C for 10 to 25 minutes. In most literature, shape-setting
occurs in a furnace. When preparing the tutorial, our group made several attempts to shape-set in
a furnace by placing the fixture in the chamber prior to turning on the oven, heating the oven to
500°C, dwelling at the temperature for 20 minutes, and allowing the oven to cool over several
hours. Because this approach unavoidably holds the wire at high temperature for long periods of
time, the result was a brittle wire that weakly exhibited the shape memory effect. We contacted
Prof. John Shaw of the Aerospace department, and he advised us to put the fixture in the furnace
once it reached temperature while using tongs, gloves, safety glasses, and caution, and to take the
hot fixture out after about 10 to 25 minutes. We did not attempt this kind of heating due to the
safety hazards involved, but we would expect improved shape memory of the wire if this

technique were used.



In this lab, we suggest an alternative approach to shape-setting that involves resistive

heating. Using high currents (3 - 5 A), the wire can be heated on ceramic fixtures. We have had
some success in shape-setting with this method; when a wire that has been shape-set and
straightened is heated above the transformation temperature, the location of the curves is evident
although the exact shape that was set is not fully recovered. We suspect that the wire does not
heat evenly as the ceramic fixture acts as a heat sink. The advantage of this process is that the
shape training can be completed in class if power supplies are available and, if proper

precautions are taken, the safety risk is much lower.

For future labs, we recommend further investigation into the safety and common practices of
shape-setting in a furnace. Ideally, classes will have the option to shape-set in a furnace, but

resistive heating can also be used if the wire cannot be safely heated otherwise.

3.3. Materials

The materials required for this tutorial lab are divided into two different sections: the in-class lab
and the homework lab. Below is a list of materials for each tutorial and a description of their

purpose.

3.3.1. In-class Lab

Pre-lab reading materials: This will consist of a paper for the students to read prior to
participating in the lab that will give them basic information on how SMAs work. The suggested
paper is "Taking the art out of smart! — Forming processes and durability issues for the
application of NiTi shape memory alloys in medical devices" [3], and a copy of this paper can be

found in the Appendix.

Lab instructions: Laboratory instructions can also be found in the Appendix. These will guide
the students through each step of the tutorial, as well as alerting them to possible safety concerns

and caveats.

Shape memory alloy wire (NiTi or NiTiNOL): For this lab, we used 70°C, 15 mil wire from
Dynalloy, Inc. This wire can also be purchased from several on-line suppliers, such as Memry



Corporation (866-GO-MEMRY or Quotes@memry.com) and Johnson Mathey (408-727-2221 or
metalinfo@jmusa.com). Ni compositions of around 50% are suggested.

Heat Source (High-temperature oven or electrical current): If oven heating will be used to set
shapes in the prelab, the instructor will need access to an oven capable of generating
temperatures of up to 550°C. This cannot be accomplished in an ordinary kitchen oven. Note:
controlling the properties of the SMA wire is dependent on how quickly the wire can be
quenched in air after heating. If the oven is not capable of rapid heating, it will be necessary to
first heat the oven and then place the fixture in the oven once it has reached the desired
temperature. Use extreme caution if placing the fixture in the oven at high temperatures. If
resistive heating will be used for shape-training in the pre-lab, a power source capable of at least
5 Amperes and 20 Volts will be necessary. Again, use extreme caution when operating the

power supply at high currents.

High temperature gloves/tongs: These
should be used to protect the user
when handling hot fixtures during

removal from oven.

Training fixtures: Ceramic training

fixtures for this lab have been provided.
Along with these fixtures, pegs that can Figure 1: Example of a pin and plate
be inserted and removed from holes in shape-setting holding fixture [1].
the fixtures have been included to give the student freedom in choosing the shape they want to

create.

Bolts, washers, and nuts: Because SMA wires must be clamped down rather than tied in any way,
bolts (less than ¥2” diameter is advisable) will be used to clamp the ends of the wires, holding
them in place. Accompanying hand tools, included pliers, wrenches, or screwdrivers, will be

required.


mailto:quotes@memry.com
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Hot plate (magnetic spinner suggested), beaker of water, thermometer, tweezers, pliers, and ring
stand: When measuring the transformation temperature of the sample each group makes in class,
a hot plate with a beaker of water will be needed. Handle the wire with pliers or tweezers. The
thermometer is required to continuously measure the temperature, and the magnetic spinner will
ensure even heating throughout the volume of water. If no spinner is available, continuous

stirring with a rod by hand should be sufficient.

3.3.2. Homework Lab

Previous materials: Many of the materials required for the in-class lab will be utilized again for
the homework lab. These include the NiTi wire, the high-temperature oven, the hotplate with

beaker, thermometer, and ring stand, and high-temperature gloves or tongs.

Reading materials: Further reading materials are recommended for the homework section of the
tutorial. “Designing Shape Memory Alloy Springs for Linear Actuators” by C.G. Stevens can be
found in the Appendix. The paper includes architecture descriptions for spring designs, as well

as design equations and appropriate shape training graphs to follow.

Helical spring mandrels: As with the first
experiment, fixtures are needed to set the shape of
the SMA wire. However, in the homework lab,
these will consist of different diameters of

cylindrical mandrels around which the wires can

be wrapped to provide the shapes of the

Figure 2: Example of a cylindrical mandrel — a
helical springs. shape-setting holding fixture to create helical springs [1].

Power supply: This will be used to heat the spring actuators during the weight-moving tests.

3.4. Procedure

Groups of 3 to 4 students are recommended to allow all students to participate in the design

process while maintaining reasonable workloads.



3.4.1. In-Class Workshop

In the course of this tutorial, the students will learn how to set a shape into SMA wire. Peg
boards are provided so that the students may create their own custom shapes. Using their
knowledge of the heat-treating process, they will attempt to achieve specific transformation

temperatures decided upon by the class.

3.4.1.1 Walk-through Example

Introduce the topic by doing a walk-through example. Following the procedure listed below,
train a wire in front of the class for 10 minutes at a relatively high current (for 15 mil, 70°C
Flexinol wire, 3.25 A works well). See Section 3.4.1.3 for the equation for maximum
temperature as a function of current and wire diameter. Use this time to explain other details of
the tutorial. Refer to the Talking Points (Section 3.4.1.4) below if you need further material.
When finished, you do not need to find the transformation temperature. Simply demonstrate the

shape memory effect by running a low current (about 1.5 - 2 A) through the wire.

3.4.1.2 Fixturing
To load the wire in the fixture, have the students perform the following steps:
1. To begin, have each team select one of the fixtures. Tell them to BE CAREFUL with the
fixtures as they are ceramic and might have sharp edges.
2. For those selecting a peg board, provide pegs for them to place into a desired
arrangement.
3. Clamping
a. Have them clamp the wire down by running it between washers on a bolt and
tightening down on a nut. See the Figure 3 below for an example.
b. Be sure only to pinch/grasp the wire. Knot-tying and coiling will yield poor

results.



Figure 3: Fixture fastening scheme

4. Have them use the fixture to configure the wire into some shape (i.e., wrap it around the
pegs or sandwich it between the plates). Adjust the pin locations and route the wire until
it is in a somewhat taut configuration. The application of heat will cause the wire to

contract and tighten around the pegs.

Figure 4: Example of wire being shape-trained via electric heating.

5. Have the students take digital photographs of the shapes they set.



3.4.1.3 Heat Treatment

Rather than seeking specific transformation temperatures, explain to the students that they will
be collectively performing an experimental study. Explain that while some information is
available in the literature to predict the effects of annealing temperature and time, one must often
determine these relationships again for particular wires and geometry. Further, electrical heating
does not provide the constant temperature profiles attained during oven heating, again affecting
the outcome. Therefore, by having each group experiment with different wire temperatures and
times, they will be working to provide a “transformation temperature versus time and annealing

temperature” plot for your particular heating method and wire alloy.

Before the in-class tutorial, the instructor should create a table of experiments to be run, and then
divide these up among the groups. Try to create a matrix that matches your number of groups.
For example, if you have five groups and time for each group to train two wires, then you can
run ten experiments. The experiments could consist of three different times and three different
temperatures, yielding nine unique experimental data points. The tenth experiment should be a
redundant backup of one of the other nine. An example of such a matrix is shown below for

using a 15 mil, 70°C Flexinol wire.

Current (amps) 3.25 35 3.75
Calculated T (°C) 430 487 547
Time 1 (minutes) 10 10 10
Time 2 (minutes) 15 15 15
Time 3 (minutes) 20 20 20

To create such a matrix, you need to estimate the wire temperature as a function of current and

wire diameter, using the following formula:

2
T :16.383L+3.987[LJ
d d

T —annealing temp (°C)
| — current (amps)
d — wire diameter (mm)

10



Now that the wire has been clamped into the fixture, have the students perform the following

steps:
1.

If using a current-controlled power source, have the students set the current to the desired
value and turn the supply on. Each group should monitor the time, heating the wire for
the specified duration. Note that the wire may or may not glow bright orange or red. No
one should touch the wire, the leads, or the fixture while the current source is on to avoid
risks of burns and electric shock. Ideally, thermocouples or a non-contact temperature
sensor can be used to record the actual annealing temperature.

Once cool, encourage the students to play and experiment with the wire to see if the
properties have changed. However, they should be careful not to overstrain the wire. If
the wire is strained past 8%, its shape memory effect is reduced.

As performed in the walkthrough example, reheat with a lower current to assess shape
memory. This step is not to collect data, but to demonstrate the shape memory effect and
make sure the training worked. Add notes to log. Take a digital picture of the resulting
shape.

In addition, pass the wire over the flame of a Bunsen burner or cigarette lighter while
holding the wire with tweezers or pliers. Observe to what degree the wire recovers its
trained shape. If the recovered shape is greatly different from that in the previous step,
have the students take another digital picture.

Identify the wire with a labeled piece of tape.

3.4.1.4 Talking Points

While the wire is annealing, describe other elements of the shape training process, including the

following:

Discuss the differences between oven and electrical heating as described in Section 3.2
(Heating Methods).

o0 Oven heating is preferable (point out heat sinks)

0 Resistance heating makes in-class project easier and more interesting (quicker,

train more wires per class period — “quick & dirty”).

Discuss and show charts for predicted transformation temperature: Figures 5, 6, and 7.
Talk about the differences in these charts. For example, Figure 7 looks much different
that the other, which is possibly because of different material composition and/or its
much longer annealing time.
Explain the purpose of collecting data and the charts you will create.
Explain the process for the homework lab and how it differs from the in-class lab.

11
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3.4.2. Transformation Temperature

The students need to determine the actual transformation temperature of the SMA and compare it
to their predictions. Again, the students should be sure not to physically overstrain the wire.
Have the students perform the following steps:

1. Bend the wire into a shape other than the set shape (a straight line is preferable).

Place the wire in a beaker full of water at room temperature. Note that you may want to
keep another source of very hot water nearby, so that you can add it to the beaker to
speed up the process.

2. Use a hot plate and magnetic spinner to uniformly and slowly heat the water.
(Alternatively, use a gas flame and a stirring rod. If so, have them indicate the exact
method used.)

3. Tracking the water temperature with a thermometer, slowly increase the temperature until
the wire changes back to its trained shape.

4. Since the shape change may be hard to detect, remove the wire every few degrees and re-
straighten it. This will make the onset of the shape memory effect more obvious.

13



5. If possible, note the temperatures at which shape change begins and ends. If necessary,
repeat the test at a slower heating rate to improve accuracy.

6. After the shape change is complete, photograph the final shape. Compare it to the
original shape that had been set in the fixture and to the shape attained from the other
heating methods.

7. Finally, clean up the work areas and return all the fixtures, pegs, and wire, sorting them

into boxes.

3.4.3. Homework Lab

In this assignment, students will be introduced to SMA spring actuators by requiring them to
design and fabricate an SMA compression spring that pushes a weight a desired distance. The
instructor should assign a set of reasonable force and displacement requirements on the order of
Newtons and centimeters, respectively, to each group of students. Groups should be given
approximately two weeks to complete this lab.

For this assignment, it should be noted that only the linear portion of the stress-strain curve will
be used. This allows for a simpler design procedure but also constrains the maximum spring
stress to be less than the martensitic yield strength (70 to 140 MPa). This assumption is also
convenient because the material can be considered to be linearly elastic with the Young's

modulus as a temperature-dependent parameter.

Refer the students to the article "Designing Shape Memory Alloy Springs for Linear Actuators,"
by Christopher G. Stevens. The article, found in the appendix, uses standard design equations
for springs from Mechanical Engineering Design (J.E. Shigley) with the stiffness properties of
SMA in the martensitic and austenitic state to compose a spreadsheet that can be used as a tool in
SMA spring design. Advise the students to compose their own spreadsheets as discussed in the

article to use as a tool for designing their springs.
In the article, the author makes an incomplete conclusion that wires with diameters less than 1

mm have unacceptably high shear stresses and should be avoided (most commercially available

wires are less than 0.5 mm). The shear stresses are high because the wire that the author is

14



referring to is required to exert a relatively high force (4.5 kgf, 10 Ib) for this type of spring
actuator. It is important to make the students aware that this conclusion only applies for a
specific set of loading and displacement requirements and will not apply to their individual

problems.

3.5. Grading

The following section provides guidelines for grading this tutorial. The instructor may want to
modify the questions or grade percentages as they deem appropriate for the focus of their class.

3.5.1. Grading the Basics

To evaluate that the first two educational objectives (i.e. understand the basic principles of shape
training, and learn the difference between superelasticity and shape memory effect) have been
met, a few short answer questions can be used to verify learning once the pre-lab article has been
read. Those questions could be the following:
1. In shape training a shape memory alloy with a given composition, how is the
transformation temperature set? By what can it be affected?
Answer: The transformation temperature is set primarily by the shape training
temperature. It can also be very slightly affected by length of time spent at the shape
training temperature. Apart from shape training, transformation temperatures can be
greatly affected by composition such as variation in nickel content (i.e., 0.1%
increase in nickel content can raise the transformation temperature by 10°C).
2. What is the difference between shape memory and superelasticity? On a macroscopic
level? On a microscopic level?
Answer: Shape memory is strain recovery across a transformation temperature — a
temperature-induced transformation. Superelasticity is immediate shape recovery
from release of stress above the transformation temperature — a stress-induced
transformation. On a microscopic level, shape memory and superelasticity are both
possible due to a twinned crystal structure.
These questions should be worth 5% of the overall grade.

15



3.5.2. Grading the In-class Lab

To evaluate the educational objective associated with the in-class lab (i.e., be able to train wire
into a desirable shape), several measures should be used. First, once the students have loaded
their wire onto the training fixture, they should sketch the wire shape or take a digital image.
After the wire has gone through shape training, it should be cooled, deformed, and then heated
above its transformation temperature to return to its set shape. This shape should be compared to
the pre-training drawing or photograph. If the shapes are different, the students should consider
why this could have happened. Additionally, for each wire they shape train during class, the
students should report the transformation temperature within £2 °C. And finally, short-answer
questions focusing on transformation temperatures should be given:
1. For what applications could a wire with the following temperatures be used? Be
creative.

a. 15°C

b. 37°C

c. 100°C

Answers:

a. arbitrary cool temperature which allows SMA to be superelastic at room

temperature (e.g. eyeglass frames)

b. body temperature — any implantable medical devices (e.g. vascular stents,

Harrington rods, orthodontic wire)

c. temperature of boiling water (e.g. temperature sensor, any actuator that would

be activated above room temperature)

This section is worth 25% of the overall grade.

3.5.3. Grading the Homework Lab

To evaluate that the educational objectives of the homework lab have been met (i.e., be able to
train a wire to have controlled properties and be able to create a spring actuator with specific
output forces and displacements using the design equations), a thorough review of the design
process and outcomes should be done. First, basic error analysis of the design targets (force and
displacement) should be performed (i.e. (target-actual)/target). A team should be within 20% of

both targets. This part is worth 25% of the total grade. However, if they are not within 20%, it

16



is still valid to give full credit for this task if the team documented their progress and decisions
well and they made several attempts to meet the specifications. Otherwise, if a team is not
within 20% of the targets and does not well document their process, points should be deducted
based on the size of the error and the quality of their reporting. Because documentation becomes
a big part of grading this section (30% of the total grade), all teams should submit their design
calculations and a description of the decisions they made.

In addition to the above, several open-ended questions should be posed to verify a thorough
understanding of the project that was just completed. Those questions could be similar to those
listed below. The first four questions should be worth 10% with the last being worth 5%.
1. If the design needs more force than the original specification, what should be changed in
the spring design?
Answer: Wire thickness can be increased, coil diameter can be decreased, and number
of coils can be decreased.
2. If there were more coils than what was originally designed for, what could that change?
Answer: Deflection could be increased.
3. If the wire diameter were smaller or larger, how would that affect the design
specifications?
Answer: If all else is the same, force could be increased with larger diameter wire and
vice versa.
4. If the transformation temperature needed to be higher or lower, what would need to
change about the shape-training process?
Answer: If the transformation temperature needed to be higher, the shape training
temperature should be increased. If only a few degrees increase in transformation
temperature was necessary, the shape training time could be increased instead.
5. For what creative application might one use the spring actuator as designed?
The homework lab is worth a total of 70% of the overall grade.
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4. Validation

The validation for the tutorial has come from the Fall 2004 Smart Materials and Structures class.
The class took a slightly modified version of the in-class tutorial laboratory, and four short
questions were asked of each student to highlight good points and areas where improvement was

needed.

What was the purpose of this lab?
This question was asked to determine if the background of the lab was thoroughly explained, in
both the pre-lab reading, and in the short talk given during wire heating. Some typical responses

to this question were:

e “To learn about the functions and applications of SMA as well as the difficulties with
them”

e “The purpose was to explore the effect of annealing temperature and time on the
retraining of austenite finish temperature on shape memory alloy.”

e To “Learn the basics of SMA shaping through practice”

e To “Shape train SMAs (using heating) to ready them for any application”

While each of these is correct, we felt that no one understood that the lab was meant to show the
difficulties with SMA, while simultaneously giving experience using SMA so that they could use

it themselves with more confidence and understanding.

What did you learn during that lab?
This question was meant to determine what material was emphasized during the talk given while
shape training, as well as to find how well the entire process taught the students about shape

training. Some typical responses were:

e “Learned how to train SMAs, the fact that we shouldn’t heat the wires too high. (The
wires that we used seemed burnt out)”

e “How to shape SMA by using power supply and ceramic accessories (posts, bare plates)”

e “The shape changes don’t work great, and the theoretical model is probably not going to
be met.”

e “SMA is very temperamental and electrical heating to specific temperatures is tough.”
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The answers to these questions showed an understanding that SMAs can be hard to work with,
especially at first during the learning process. This goes for our group as well, because the
difficulty of working with SMAs in this lab was increased by our own lack of experience.
Furthermore, trouble with determining the temperature of the wire without a thermocouple made

transformation temperatures and required electrical amperages difficult to predict.

What were the highlights of the lab?
This question was meant to show what went well from a “coolness” point of view. Some
answers to this were:

“Shape training, memory recovery”

“Our wires didn’t work so well, so the heating was the highlight.”

“Seeing the wire return to its set shape was really neat.”

“The hands-on experiment was a very good idea, especially seeing them tighten so
quickly. I really expected it to be gradual.”

From this information, it is clear that the groups had varying success training the wire. We could
have had better success if we could measure the wire temperature, forcing a guess based on

current and wire diameter.

Please suggest specific ways that the lab can be improved:

e “Some more about SMA sensitivity to its composition”

e “Demonstrate something other than just a simple shape. Maybe have a premade design
that has a practical function to show its real world use along with its novelty.”

e “Thermocoupling, heating in furnace”

These answers again point to the need for more precise measurement during resistance heating
such as a thermocouple. Also, only the shape memory process was emphasized; showing the

strength and usefulness of the material may have been valuable as well.

5. Conclusions

Overall, we were very pleased with the results of the tutorial. Students gained hands-on
experience with SMA as desired. Reviewing the answers to the four questions also shows that

they now have a greater understanding of the caveats of working with SMA and are better

19



equipped to set up an SMA fixture for their own projects. The suggestions from the evaluations,

as well as the understandings we have gained about the tutorial setup, have been incorporated

back into the procedure so that future tutorials will be better able to accomplish the goal of

teachings students the basics of shape training.
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7.1. Pre-lab Reading

Proceedings from the Materials & Processes for Medical Devices Conference, 8-10 Sept 2003. Anaheim, Calif., ASM International, 2004

Taking the art out of smart! - Forming processes and durability issues for the
application of NiTi shape memory alloys in medical devices

N.B. Morgan
UTI Star Guide, 5000 independence Street, Arvada, Colorado, USA

M. Broadley
UTI Uniform Tubes, Collegeville, Pennsylvania, USA

Abstract

Despite the fact that shape memory effects and superelasticity
are now well understood there still exist many myths and
misinterpretations that can lead to frustration and failure of
prototype projects. This paper will seek to take some of the
‘art’ out of using the shape memory effect.

A case study approach will be employed to demonstrate all the
stages in the production cycle, from alloy selection and
melting to wire drawing and shape setting treatments. A
review of recent research will be used to discuss and explore
some of the durability issues associated with NiTi products
including fatigue life and biocompatibility.

Ultimately it is hoped that this case study will demonstrate
how pitfalls can be avoided and how defined processes can
result in successful medical applications that utilize the unique
properties of NiTi alloys.

Introduction

This paper secks to answer some of the most common
questions that arise during a shape memory product
development cycle. Each section is preceded by a question
that the authors are commonly asked by those wishing to work
with shape memory alloys. Although many of these concepts
are common to all shape memory alloys this paper will
concentrate upon nitinol as it is this alloy that has found wide
spread application in the medical market.

To facilitate a case study approach this paper uses the
manufacture of a nitinol ‘star’ as the example product. The
first question from the customer is therefore:

Question 1: We want to set a star shape in nitinol. We need
two different versions, one that displays very high elasticity
and flexibility at body temperature (37°C) and one that can

be deformed but will recover at a temperature just above
body temperature but not greater than 50°C. Is this possible?

Answer 1: Yes, the term nitinol actually encompasses a family
of nickel titanium alloys that depending upon the exact
composition (based upon a small compositional window of
approximately 50.0:50.0 NiTi to 51.5:48.5 NiTi) will display
either superelasticity (spontaneously recoverable strains up to
8.0%) or shape memory (heat recoverable strain up to 8.0%).

The Origin of Shape Memory Effects
Question 2: Is nitinol simply a very elastic metal?

Answer 2: No, not really. For metals the term elastic is
generally associated with deformation up until a point when
the atoms in the crystals are permanently moved out of
position, i.e. ‘slip”.

The strain effects associated with nitinol have their origin in a
particular type of phase transformation (change in internal
crystal structure) which produces a microstructural constituent
known as martensite. A martensitic transformation is
displacive, occurring through a shearing of the crystal
structure from the so-called parent-phase, to that of the
martensite. This is illustrated schematically in the two
dimensional analogue shown in Fig. 1.

Parent Phase Martensite
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Figure 1: Two dimensional/two variant analogue of a
thermoelastic martensitic transformation.
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A feature of all martensitic transformations is that there are a
number of crystallographically equivalent shear directions
through which the martensite can form. In this analogue the
two opposite shears maintain the macroscopic shape of the
crystal block (represented by the dotted line). Such a
microstructure, where the shear of one variant is
accommodated or "cancelled" by that of the other is known as
a self-accommodating structure. Imagine this self-
accommodation in three dimensions and you have the basic
crystallographic process behind both thermal shape memory
effects and superelasticity.

The boundaries between the martensite variants are glissile
{mobile) and their positions can be influenced by external
variables; perhaps most importantly by applied stress. This is
illustrated in Fig. 2 where the orientation of the martensite
crystals change under the influence of stress creating a balance
of variants whose shears best accommodate the direction of
the resulting strain. It is the ability to re-orientate martensite
variants under stress which forms the basis of the large
recoverable strains that are associated with shape memory and
superelasticity.

Martensite Deformed Martensite
SSSSSSSSSESTY
VI I IIIIIIITy £z o
STRESS 7 //////
""" - LA 55
CESSEESSSSSSS v
PP g

Figure 2: Variant reorientation in thermoelastic martensites.

" Question 3: So how does this result in the thermal shape
memory and superelasticity effects?

Answer 3: One-Way Shape-Memory: The phase
transformation that takes place may either occur athermally
(i.e. upon a change in temperature) or by the application of
stress which results in ‘stress-induced” martensite. The
temperatures which are used to define the stages in the phase
transformation are known as:

e M, for the start of the martensite transformation on
cooling

e  M; for the finish of the martensite transformation on
cooling

e A, for the start of the parent phase transformation on
heating

e A¢for the finish of the parent phase transformation on
heating

Figure 3 schematically illustrates the macroscopic response of
a one-way shape memory alloyv. If such an alloy is deformed
in the fully martensitic state (i.e. below M) and subsequently
unloaded, then an apparently permanent strain will remain.

This is a result of the martensite microstructure being re-
oriented as shown in Fig. 2. If the alloy is now reheated above
the A, transformation temperature range (i.e. transformed into
the parent phase) then this apparently permanent strain will
fully recover, returning the original macroscopic shape. This
is the so-called one-way memory effect.

Memory Alloy

Stress

Shape

—_—— Strain
HEAT (shape memary)

Figure 3: Stress-strain behavior during the one-way memory

effect.
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Figure 4: Microstructural changes during thermal memory
and superelastic phenomena.

The internal structural changes that take place during this
process can be visualized by referring to Fig. 4. Deformation
takes place in the self-accommodated martensite condition.
During loading this structure becomes deformed resulting in a
net macroscopic shape-change. When the alloy is unloaded
this deformed structure remains resulting in the apparent
permanent strain. However, if the alloy is now re-heated to a
temperature above Ay the original parent-phase microstructure
and macroscopic shape is restored. When the alloy is
subsequently cooled to below the M; a self-accommodating
martensite microstructure is formed once more and the
original shape before deformation is retained. Thus a one-way
Shape-Memory is achieved. The maximum strain that may be
recovered is approximately 8% for nitinol alloys.
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Pscudoelasticity or _the Superelastic Effect: When a nitinol
alloy is deformed isothermally at a temperature above Ay, the
martensite transformation can be induced mechanically. The
martensite formed in this way is known as stress-induced
martensite (SIM) and is only stable under the application of
stress. Upon unloading the decreasing stress and surrounding
elastic forces generated during transformation cause the
martensite to shrink back to the original parent-phase. Figure
5 shows the mechanical behavior of such a transformation and
compares it to that of a stainless steel. Again, the maximum
strain that may be recovered in this way is approximately 8%
for nitinol alloys. It can be seen in Fig. 5 that superelastic
deformation displays a hysteresis, the upper plateau occurring
during stress-induced martensite transformation and the lower
during reversion on unloading. It is both the large recoverable
strain and constant stress plateaus that can be utilized in
superelastic medical applications.

Stress

316 Stainless Steel

Superelastic

—

0.5% 8.0% Strain

Figure 3: Comparison of the stress-strain curves of
conventional and superelastic alloys.

Figure 4 can also be used to explain the microstructural origin
of the superelastic effect. A nitinol alloy will display
superelasticity when it is above the Atemperature. i.e. when it
is in the parent phase. This time the martensite is induced
purely by the application of stress. The application of the
stress essentially prevents self-accommodation and instead
results in preferentially orientated martensite concurrent with
the direction of applied stress and results in a macroscopic
shape strain. When the stress is removed the martensite
becomes thermodynamically unstable and the martensite
variants shrink back to the parent phase thus restoring the
original shape of the alloy.

Alloy Selection and manufacture
Question 4: What controls whether the nitinol displays

superelasticity or thermal shape memory and which
should we choose for our ‘star’ wire forms?

Answer 4: As described earlier in this paper the compositional
range of nitinol is quite small. Essentially it is the composition
that controls whether the component will be superelastic or
whether it will display a thermal one way memory. A
compositional difference of just 0.1% may result in a change
to the transformation temperatures of 10°C. Essentially the
higher the nickel content the lower the transformation
temperatures, therefore the superelastic star will be made from
a nitinol wire that is slightly higher in nickel. The exact
transformation temperatures may be finely tuned using heat
treatment; this will be explained in a later section.

As well as intentional changes to composition, impurities
within the alloy may also affect the transformation
temperatures. Impurities such as carbon and oxygen may
combine with the titanium resulting in a depletion of titanium
in the bulk alloy and therefore a decrease in the transformation
temperatures.

Question 5: If the transformation properties of the alloy are
so sensitive to composition and impurities then how are they
made?

Answer 5: High purity raw materials and a melting method
that ensures a homogeneous final product is required.

Commercial nitinol alloys tend to be produced using one of
two methods: vacuum arc remelting (VAR) or vacuum
induction melting (VIM).

VAR involves compacting the nickel and titanium into a large
ingot which is subsequently used as an electrode to strike an
arc between it and the bottom of a large crucible. Gradually
the NiTi compact is consumed forming a molten alloy in the
bottom of the crucible. The whole process is carried out under
vacuum and results in an alloy of very high purity.

VIM involves melting the nickel and titanium in a crucible
(often graphite) which is heated by electrical induction. The
induction effect stirs the molten alloy resulting in a more
homogenous structure than that produced by VAR. As with
VAR the whole process is carried out under vacuum. The
drawback of VIM is that it tends to result in a higher level of
carbon impurities because of the graphite crucible used during
manufacture.

Both VAR and VIM are capable of producing very high
quality nitinol ingots suitable for medical applications.

Question 6: So how should we specify the alloys for our star
application?

Answer 6: To some extent this depends upon which properties
are most important for the final application. For instance, in a
stent application using superelastic wire a range within which
the upper plateau stress must lie may be specified. In addition
a temperature range for the Ay may also be specified.
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For the superelastic star three specified properties would be
appropriate: -

1. The upper plateau stress

2. The ultimate tensile stress

3. A temperature range for the A¢ far enough below
body temperature to ensure superelastic behavior

These properties are dependent upon one another and
therefore some experimentation will be necessary to achieve
an optimized solution.

For the thermal shape recovery star the following specified
properties would be appropriate: -

1. Ultimate tensile stress
2. An A temperature range above body temperature
(37°C) and below 50°C (as specified)

It should be kept in mind that there are other factors that
influence the final measured properties and performance of the
nitinol product. The shape of the final product is ‘set’ using
heat. Typically the heat treatment is carried out at a
temperature between 450°C and 550°C. This heat treatment
causes a change to the microstructure of the nitinol and
correspondingly a change to the mechanical properties and
transformation temperatures. With appropriate
experimentation the heat treatment may be employed to ‘fine
tune’ the desired properties.

The starting condition of the alloy will also have a strong
influence on the final properties. Commonly the nitinol may
be purchased in either the ‘straight annealed condition’ or in
the ‘as-drawn condition’. Straight annealed means that the
wire has essentially been shape set into a straight length as it
leaves the drawing bench. To achieve this, the wire travels
through a continuous strand straightening furnace before being
coiled onto the spool. As drawn means that the wire is coiled
directly from the last drawing step.

Shape Setting the Nitinol Product

The following information is the mechanical and
transformation property requirements chosen by the customer
for the nitinol stars: -

Superelastic star specification

The upper plateau stress should be between 450 and 500MPa
when tested at a temperature between 20°C and 25°C

The ultimate tensile stress should be above 1300MPa

The temperature range for the Ay is between 25°C and 30°C

Thermal shape recovery star
The ultimate tensile stress should be above 1000MPa
An A temperature range should be between 45°C and 50°C

Question 7: How can the nitinol wire be shape set to achieve
these properties?

Answer 7: The most common way of shape setting nitinol is to
clamp it in a tooling fixture during the heat treatment. Fig. 6
shows the tooling used to shape set the nitinol stars. The wire
is clamped at one end and subsequently wrapped around the
pegs to create a series of star shapes. The end is then clamped
off to hold the wire in place during heat treatment. The tooling
is made from stainless steel to facilitate repeated use without
significant oxide build up. Figure 6 also demonstrates a
problem with using small pins in tooling. Notice how some of
the pins have become bent from the forces put on them by the
nitinol during heat sefting. This tool has produced
approximately 500 parts.

\“ 7

\/

L
Figure 6: The tooling (vight) and finished product (Iefi) for the
superelastic star.

To establish the exact heat treatment temperature and time a
factorial experimental design may be performed to create a
surface response for each of the specified properties. This can
be used to specify an optimum heat treatment for a particular
tool design.

To determine a heat treatment temperature for the superelastic
star a factorial experiment is carried out on a nickel rich,
superelastic alloy in the as drawn condition on the production
tooling.

The temperature/time factorial matrix design is shown below
in Table 1.

Table 1: Time and temperature parameters for heat treatment
determination

450°C 475°C 500°C 525°C 550°C

Smins Smins Smins Smins Smins
10mins | 10mins | 10mins | 10mins | 10mins
15mins | 15mins | 15mins | 15mins | 15mins

20mins | 20mins | 20mins | 20mins | 20mins
25mins | 25mins | 25mins | 25mins | 25mins
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Figure 8: Surface response for ultimate tensile stress.
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Figure 9: Surface response for Astemperature.

The results indicate that a heat treatment carried out at 500°C
for 10 minutes will yield the following properties: -

Upper plateau — 480MPa
Ultimate tensile stress — 1500MPa
Ag temperature — 27°C

This heat treatment procedure yields properties in the middle
of the specification range and is therefore suitable for the
superelastic star.

A similar experimental design could be carried out for the
thermal recovery star to establish a suitable heat treatment for
the specified properties.

A finished superelastic star product is shown in Fig. 6.
Fatigue and Biocompatibility

Question 8: The human body is an aggressive environment
for any material. How does nitinol behave in terms of fatigue
and biocompatibility?

Answer 8: Fatipue Life: The non-linear nature of the
superelastic phase transformation in NiTi means that
conventional fatigue life theory is difficult to apply [i]. The
volume fraction of martensite/parent phase and its role in the
fatigue mechanism is still not clearly understood. Fatigue life
remains one the most discussed yet least understood aspects of
NiTi alloys. The FDA requirement of a fatigue life exceeding
400 million cycles for intravascular stents means that a better
understanding of the factors affecting fatigue life and the
mechanism of crack initiation and growth is essential [ii].

Some aspects of nitinol fatigue do appear to have some
conventionality about them. Surface condition, inclusions and
plastic deformation do appear to influence stage 1 crack
growth [iii). The crack growth stage of fatigue (Stage 2) is
where the most confusion arises, a number of factors have to
be considered when studying fatigue crack growth in nitinol
medical applications. In vitro fatigue testing of nitinol usually
involves cyclic loading in either strain control (where the
amount of deformation for each cycle is controlled) or stress
control loading (where the level of load applied for each cycle
is controlled). In comparison to other alloys nitinol shows
excellent fatigue properties at high strain levels. One of the
complications of using laboratory test data for assessing the
fatigue life of real applications is that the actual loading
conditions in vivo are likely to be complicated combinations
of varying mean strain (i.e. the average strain of the loading
cycle), mean stress and the compliance of the surrounding
tissue [iv].

A common way of assessing the fatigue life of alloys with
regards to alternating strain amplitude and the mean strain on
the samples is to construct a Goodman diagram. Classically
Goodman relationships are linear and the greater the mean
strain the lower the alternating strain required for fatigue
failure. Interestingly nitinol appears to show a non-linear
Goodman relationship [iv].

Other unusual fatigue behavior that appears to be related to the

mean strain is an apparent increase of fatigue life with
increasing mean strain [iii]. Analysis of fracture surfaces and
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microstructure implies that these unusual aspects of nitinol
fatigue bebavior are associated with domains of high
dislocation densities, internal stresses, stabilized martensite
and micro-fissures [i] [iii] [v]. Other data also supports the
importance of microstructure [vi] and volume fraction of
martensite/parent phase for the fatigue life of nitinol [vii]
[viii].

Stage 3 final fast fracture of nitinol is typically characterized
by micro-void coalescence leading to ductile overload [iii].

Bioperformance: It is well known that titanium is not toxic
when used in the human body; however. nickel is extremely
toxic. Nickel is carcinogenic and is implicated in various other
reactions including allergic response and degeneration of
muscle tissue. Fortunately however, nitinol forms a passive
titanium oxide layer (TiO; - the same as that which forms on
titanium alloys) that acts as both a physical barrier to nickel
oxidation and protects the bulk material from corrosion.

One of the most important considerations as far as the
biocompatibility of nitinol is concerned is that of cytotoxicity.
Cytotoxicity concerns the damage that the material may incur
on cells and is usually measured by in vitro experimentation. It
has been shown that the cytotoxicity of nitinol is comparable
with other implantable alloys [ix]. These findings are
supported by another study that showed no cytotoxic, allergic
or genotoxic response to the nitinol during short term in vitro
testing [x]. Surface processing has been shown to have a
significant effect on cytotoxicity [xi].

In vivo testing has also yielded positive results for nitinol.
Some studies have shown that nitinol has no toxic effects on
tissue [xii], or that it is at least comparable to stainless steel
and Ti6AI4V titanium alloy [xiii].

Contradictory evidence on the bioperformance of nitinol
does exist. A study by G. Riepe et al on explanted AAA
endovascular graft stents found large areas of pitting corrosion
and fractures in nitinol wire. The authors concluded the
mechanism of the observed corrosion was due to cell-induced
electrochemical corrosion and active cellular destruction of the
surfaces [xiv].

Summary and Conclusion

Nitinol offers unique capabilities for the medical device
industry, in particular for interventional radiology. Whilst the
processing and forming of nitinol is unusual in many respects
this paper has shown that basic principles can be employed to
produce working products.
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7.2. Pre-Lab Questionnaire

Name

To be completed after reading "Taking the art out of smart! — Forming processes and durability
issues for the application of NiTi shape memory alloys in medical devices” (Morgan, N.B. and
Broadley, M., 2004):

1. In shape training a shape memory alloy, how is the transformation temperature set?

By what can it be affected?

2. What is the difference between shape memory and superelasticity? On a macroscopic

level? On a microscopic level?
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7.3.

In-Class Workshop Instructions

In the course of this tutorial, you will learn how to train a shape into Nitinol SMA wire. Peg

boards are provided so that you may create your own custom shapes. Using your knowledge of

the heat-treating process, you will attempt to achieve specific transformation temperatures

decided between yourselves and the TA.

Fixturing

1.

no

To begin, select one of the fixtures provided by the TA. BE CAREFUL with the fixtures,
as they are ceramic and might have sharp edges.
If you have selected a peg board, place the pegs into a desired arrangement.
Use the fixture to shape the wire into a unique shape. (i.e. wrap it around the pegs or
sandwich it between the plates.)
Clamping
a. Clamp the wire down by running it between washers on a bolt and tightening
down on a nut. See the the figure below for an example.
b. Be sure only to pinch/grasp the wire. Knot-tying and coiling will yield poor
results.

|
v

B VA
A\ \

Fixture fastening scheme
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5. Use the fixture to configure the wire into some shape (i.e., wrap it around the pegs or
sandwich it between the plates). Adjust the pin locations and route the wire until itisin a
somewhat taut configuration. The application of heat will cause the wire to contract and
tighten around the pegs. Note that even after the wire contraction, it only needs to be

somewhat taut around the pegs.

Example of wire being shape-trained via electric heating.

6. Take a digital photograph of the shape you set.

Heat Treatment

Specific heating times and temperatures have been chosen by your GSI. Each group will
perform heating training with one or two specific combinations of heat and time, found in the
table below. To see how these conditions may correlate to the resulting transformation
temperatures, refer to the tables on the Supplemental Information page.

Current (amps) 3.25 35 3.75
Calculated T (°C) 430 487 547
Time 1 (minutes) 10 10 10
Time 2 (minutes) 15 15 15
Time 3 (minutes) 20 20 20

GSI, Modify this
table ahead of time.
Remove this bubble
before printing.

The wire temperatures in the above matrix were estimated as a function of current and wire
diameter, using the following formula:

2
T . =16.383L+3.987(Lj
d d

where T = annealing temp (°C), | = current (amps), d = wire diameter (mm)
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Each group will receive specific heating times and temperatures from the GSI.

If using a current-controlled power source, set the current to the desired value and turn
the supply on. Monitor the time, heating the wire for the specified duration. Note that
the wire may or may not glow bright orange or red. No one should touch the wire, the
leads, or the fixture while the current source is on to avoid risks of burns and electric
shock. ldeally, thermocouples or a non-contact temperature sensor can be used to record
the actual annealing temperature.

Once cool, play and experiment with the wire to see if the properties have changed.
However, be careful not to overstrain the wire. If the wire is strained past 8%, its shape
memory effect is reduced.

As demonstrated by the GSI, reheat with a lower current to assess shape memory. This
step is not to collect data, but to demonstrate the shape memory effect and make sure the
training worked. Add notes to your log. Take a digital picture of the resulting shape.

In addition, pass the wire over the flame of a Bunsen burner or cigarette lighter while
holding the wire with tweezers or pliers. Observe to what degree the wire recovers its
trained shape. If the recovered shape is greatly different from that in the previous step,
take another digital picture.

Identify the wire with a labeled piece of tape.

Transformation Temperature

Determine the actual transformation temperature of the SMA and compare it to your prediction.
Again, be sure not to physically overstrain the wire.

1.
2.

Bend the wire into a shape other than the set shape (a straight line is preferable.)

Place the wire in a beaker full of water at room temperature. Note that you may want to
keep another source of very hot water nearby, so that you can add it to the beaker to
speed up the process.

Use a hot plate and magnetic spinner to uniformly and slowly heat the water.
(Alternatively, use a gas flame and a stirring rod. If so, indicate the exact method used.)
Tracking the water temperature with a thermometer, slowly increase the temperature until
the wire changes back to its trained shape.

Since the shape change may be hard to detect, remove the wire every few degrees and re-
straighten it. This will make the onset of the shape memory effect more obvious.

If possible, note the temperatures at which shape change begins and ends. If necessary,
repeat the test at a slower heating rate to improve accuracy.

After the shape change is complete, photograph the final shape. Compare it to the
original shape that had been set in the fixture and to the shape attained from the other
heating methods. The entire shape will not likely be recovered exactly, but try to observe
if the major bends are recovered.

Finally, clean up the work areas and return all the fixtures, pegs, and wire, sorting them
into boxes.
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Figure A: Transformation Temperature (Af) of Ti-50.85 Ni (at.%) alloy as a function of annealing temperature [2]
The annealing time is 30 minutes followed by air cooling. The dotted red lines indicate the
temperature range used in Figure B. The dotted blue lines indicate the temperature range from Figure C.
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Figure B: Temperature, Upper Plateau Stress, and Strength as functions of Annealing Process Parameters [3].
The material is a nickel rich, superelastic alloy in the as drawn condition on production tooling.
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Figure C: Transformation Temperature (Af) of Ti-50.1 Ni (at.%) alloy as a function of annealing temperature [4].

The specimen is 25% cold-worked ribbon. The annealing time is 60 minutes.

The dashed blue lines indicate the temperature range from Figure B.
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7.5. In-Class Workshop Questions

Team Members:

To answer and turn in upon completion of the in-class workshop:
Transformation Temperature
Determine and report transformation temperatures within £2 °C for all wires your team
trained:
Wire 1
Wire 2
Wire 3

Shape
Attach a picture or sketch of the wire shape in the fixture prior to heating and after
heating once it has been recovered above the transformation temperature. Comment on

why these two shapes are different from one another, if at all.

Short-Answer Questions
1. For what applications could a wire with the following temperatures be used? Be
creative.
a. 15°C

b. 37°C

c. 100°C
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7.6. Homework Lab Instructions

DESIGNING SHAPE MEMORY ALLOY
SPRINGS FOR LINEAR ACTUATORS

Intions necessary 0 design shape memary allay

(SMLA ) sprines Goe linear acruatars, It also provades
a hrief backgronmd on SMAs and their mechamical proper-
tiee, focusing oo Mitined wire, & shape memary metal made
from nicke] amd titanium.

‘This annlysis uses a linear extrapolation of published
Hitinol wire force v, wire diametes data to derive dia for
Tnrger, more uselul wine diameters apta 5,0000m, Although
several exponential relationships for the published dats were
evaluared, the linear model provided the most reasomble
prediction of the forees svailable ot langs wire diameters.

Engineering aralvsis of the Nitine] wine amd spring
design desermined that springs made of wine diameters less
thas 1,000pm may see exceptonally high shear siresses
and should be tboroughly tested. Spring designers cam cal-
culate the stroke of am SMA sctuatar wiing the precedure
described im this repart. However, the dynamics of the load-

T his report discnsses the variows engineedng caleu-

ing can deastically affect the resules. Thereloee, designars
showld perform mechanical testing when either the stroke
ar toinl outpul fonse i3 & coienl design consaint.

Using il Excel spreadsheet in the appenddix, a spring
designer can quickly caleulate all of the enginesring pa-
rameters necessary 1o design 8 Nitined wire spring for a par-
ticullar acruater design. As shape mermory-powered linear
sehantors gain populacity in the serospace and medical in-
dmstries, this quick and powerful design tool can greally
redusce the timeand experse associated with designing shaps
ey allay springs.

INTRODUCTION

Although the experimental wae of SMAS is widespread
in merospace and roboties research, -much of the pracical
valme of SM A technology is realized m | mear achaators, This
report will introduce some of the mechanical and material

Transformation Properiies

for & single cyele....

TABLE 1: MITINOL WIRE MATERIAL AND MECHAMICAL PROFPERTY DATA

Transformarion Tempermime.. . o
Transformation 3erain (for pl:l]:fm stalling mwierial)

<200 e 1107 €

for 100 cyeles....
for 100,000 c_-.-:lu

Mechanical Properiies
Young's Modulhs***

Yield Strength

MEIAMTEHEITE o irerrarnri s

mealion or lermiry alkns.
*55 Highly noalinsar with temperanme

Hymm,-,--_________________________'._'ﬁ.'_'ﬁ.":."ﬁ.'.ﬁﬁ ......................................

AU oot T

......................................... apprex, 12E6 psi

EUREBIIAE . e e st cb e et 28 o 100 ksi
e

#% Yilnes listed arw for & (ull murensite to eustenite tansition. Hystenisis con be significantly recoced by parizal isssfor-

approx. 4E6 10 GEE psi

oo L 0 200 2
0.3

B2

EPRINGS, Winter 1998
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By Christopher G. Stevens
Texas A&M University

properties of shaps Memwcy mietnls, and atiempd b develop
a peactical procedune i design shaps meETmary aprings bor
Fohaalor sETViCE.

At ihe heart of hese aciuaiors is tbe helical compres-
slon spring made of termally sensiinoe wans that, when
hented, contracts and provides useable mechanical energy.
Usityg eommon engineering principles for various types of
springs, [ will demonsirats bevar 10 design a spring foc @
typical SMA actuntar,

A peview of carrent Literature devernyinsd that ShiA
spring design for petuatars has pat ke publicly addressed
o date. Simee SMA technology is still in 13 infancy and
SMA actantar development is conduacted oSty by umiver-
sitbes and small research firms, publications may not be
widely available o acosssible.

This analyaas will show the impeniance of proger ma-
terial processing and the limittions of small wire dinm-
eters, Tt will alse dematstrate the vale of SMA actuatars
sz smail, inexpensive mechamical devices.

METHODS

Mechaaieal and Maierial Properties of Nitinel Wire

Mitined is the trade name for & goup of nickel-tita-
pismm alloys that were discovered 10 pomcis shape memory
propertice {41 Discovered by William 1. Beuhler at the Ma-
val Ordinance laboratary 1o White Oak, MDD, Nitinol is eoe
of ihe mest widely used commercinily available shape
memory alloys (4L

SMAs detive their “memory” capahilities from the
erystalline phase tansformation, between the mariersi
and austenitic phases, as the miaterinl is warmed by Joule
healing (8], Balow the fransfommation lempernture, Mitmal
wire has & manensitic coystal stroctare, As the maberial 18
heated throuph the ransformalion IEmpETATe, the austemn-
i transfopmation causes the crystals to retum 1o thear “par-
st Iocation in the crysialline lattice. Springmnkers st thoz
parent state by precisely hear treating the material al we-
peratures around S00°C while tightly kolding it in il de-
sired shape, During this “trajping” process, coals of & Witi-
ol wine spring can grow as much a3 25% in digmeter {6}
Springmsakers shoubd consider ihis growth when designing
fixtures for winding and heat treatment. In addibien, cald
warking of the material can result im *marked chang=ss kn
the mechanical and physical properties of the: alloy™ (3).

SPRMNGES, Winler 195
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The nssterzal propery dacn in Table |, page 24, taken
from & property shest by Scott FRussell of Shape Memocy
Applications Inc., shows sooté of the dmportant physieal
and mechanical properties of Mol wire (4],

ACTUATOR MECHANICAL DESIGH

This analysis uses o standard actuator housing, sim:-
bar in size and shape to Mondo-dromica® Ebaciric Piston (3),
bo Gecilivate experimental testing and repeatahility, For sims
plicity, lets assume the actuator is adequately destgmed Lo
react 1o all forces imposed by the 334 plase ransfonma-
tion and external losds. In actesl actuator design, the me-
chamcal stabality of the sctaator howsing should be consid-

ered] in comjunction with the spring design. The actantar
binnsang, shown in Fipare |, page 25, has an inner diameter
af @60 inches and body length of twa inches, This length
aceommdates three perceit compressicon of the spring wpon
insdallation and provents over-extension of the spring.
Precompressien, which 1will discuss mare bater, provides a
reation farce to reban the push rod o the fully exiended
poaition,

Since Mitinal wire contracts when heated, we need 1o
design our aclualon toe reract a given dismoes, or stroke.
‘W can approximsyic the smoke parameter of the acbaator,
sinee fecuraie equations for the mechanical and thermo-
electric behavior of shape memory alloys are not readily
pablished. Additienally, “the contraction dissanee (or srofe]

varies with the dynamies of bew

MNOMENCLATURE
Zymbals Definbtions
Do Crater goil diameter
o Cruter housing diameter
L Hausing wall thickness.
C Clenrmee (sprimg Q0 & housing [D
d Mitine] wrre doamseler
C Spring Index
Lh Actuatar bousing length
i Precompression displacenyent
P Piich
L Free length of epring
Ma Tambser of active coiks
Mt Total pambeer of coals
K=z Bhear stress cormectson factor
Eow Wahl Factor
Kb Bergstrasser Factor
Kc Curvature Correctbon Factor
t Shear sireas in wire
F Useable foree (shape memory force)
¥ Spring deflection
k Theoretical spring oonstant
Frin Installasion Prelond
Fmea Shape memory force (=F)
Fa Altemnating Eatigue focoe
Fmi Menn Eabigoe force
iz Aldvernating shear stress
b Mean shedr siress

the stress is applied™ (6. Chang-
i the dviamics of the applied
stress can aler the siroke by three
1o seven percent of ibe wire length
{&). To capure the ends of the
DHmensbons spring, the petamtar design incar-
inchies pornics twn small retamers that
incheg altach 1o cach end. The statsomary
, @nd is steached to the end of the
ichies achantor body by 2 small lip m the
iclies housing side wall. The moving re-
inchies _ tainer is anached i the end of the
push rod and trwvels with the nod.
- A the actuator 15 assenthbed, the
springs are thrended through the
inches eves in the retziners and locked

intn place.
inches EMGIMEERIMNG ANALYSIS

OF SMA SPRING
DESIGH

- The process of designing tea-
= ditlenal springs s fairly smaight-
3 forwerd, since many of the re-
quired eguations and material
properiies have been tesied and
psi. refimed cover mamy yenrs of practi-
hf cnl use, Shape memory alloy
{sahe springs, however, have less proven
s deslgn parameters and equations.,
IbE.fim. Binsed on the limited engineering
Ibf, twta available, this analysis sloukd
Ibf provide a basic blueprint for de-
) signing SMA springs with a rea-
Ibf. semable amount of sccurscy. For
Ibf. more accurste resulis, mecharical
pi. icsting is stronghy recommended,
. T perform this analysis, 1
PEL first hasl 1o determine the forces
xpecied from a ramge of Nitino

SF"FIING?::. Windar 1508
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wire Hameiers, The dein was plotted to determine the rela-
tionship between expected force and wire diameter. Bocauss
datn was availshle oily for a limited range of wite dism-
ebers, it wias extrapolated using both linear and expenential
relationshipes, snd evaluared for aecuracy. Using the foree
vs, wire dimmeler data, meteriz] property dats from Table 1,
and the fullowing engipeering analysis, nearly anyone can
design & WA spring.

The SWA spritg design process beging by determin.
ing the desired scwstor praperties, such &5 allowsble outer
diameter of howsing, bousing wall thickness, desired actan-
tor stroke and allowable hoasing kength. Onee these design
vﬂuhluﬂmtﬂlli&h:d,m(nhhaglmmdm
whith vou can change later as needed to provide the desired
apring performance. Caleulate the following spring pamm-
iers using the variables defined in the Nomenglnture chan:

Coil Outer Diametes = [ = D, , =2t —¢ i

Mean Coil Diameter = [w 0, — 4 @
D s

Spring lndex = {,"._; (3

3%, Precompressicn Displacement = y = L =003 (4}

Free Length of Sprmg = L, 4+, 5}
[Jsing Shigles's Table 10-2 and subsiquent equations,

we can caleulass the Temaining spring parameters and ana-

lyze the shear siresses and effects of fatigue i the wine.

ﬁmh-P={£-_2‘ﬂ {6}

=
Salid Length = [ = N, [y

Mate: Solid kength must be less than howsing length
minus stroke valae,

SHEAR STRESS CALCULATION
2041

. Shear Stress Comeetion Factor = §, = ——  (8)

p- o

Wahl Factor = .ﬂ'_+ﬂ§ (k]|

c-4 O

SPRINGS, Wirter 1959 27(§
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47+ 2

Bergsirasser Facior = L — L
40 =3
Curmture Comection Factor =
ek EC+Y 11}
K AC-DEC+D
Slear Siress = ¢ = j:ﬂEFD {12)

E_;]
Deflection and Theoretical Spring Constant
Mote: Sprmng conslan showld he verified by expen-
mentation

3
Spring Deflection (Shigley 10-8) = y = Mh (13}
4G
o] Snes _ d"ﬂw
Theorctical Spring Constami = g — e {14}
DN,

FATIGUE LOADING CONSIDERATIONS
Installation preload (using k sbovel = 7 =jy  (15)

Farce developed by SMA phase transformation = F. LY

Aliemating Fatigue Farce

(Shighey 10-26 = © et — F mn. 17
Mean Fatiguws Force
(Shigley 10-27 = & max+ Fem (1)
2
Alternating Shear Stress = ¢ = g 94a D (19)
-] § mf!
Mean Shear Stress = ¢ =I,E {2y
= ﬂ]_

T avoid vielding the spring or inducing a permanant
561, the design should limit the applied shear siresses 10
approximaichy £5% of the yield point of Nitinal wire (see
Tahle 1), This factor of safery may be charped 2 necessary.
While these values can he iteratively calewlated 1o arrive an
the proper spring perfoemance, the Appendix confains an
Excel spreadsheet that will allow the wser to manipulate the
various pummeters until the optimal design is created.

i a0

SPRIMNGE, Wintar 1999

RESULTS

As previously mentoned, one ol the critical steps in
performing this imvestigation was w develop & relationshap
hibsveen the use=able farce cremted by the shape memory phogse
trnnsfomation and tlse wire diamerer. Using the available
Mitingl wire data (2] and Flexinol wire data from
Dymalloy( Ly, 1 developed Figure 2, page 31, to show the
known celatsonalip between the shape memary force and
wire dinmeter.

As shown in Figure 2, the force vs, wire dinmeter daia
obtained fFom rwe independent sources shows close comre-
Ixtbon at very small wire diamesers, bur sxys nothing alsowi
the relationship for much larger, more usefisl wire dinm-
eters. Using a lincar relatbomslip derived from the existing
data, | phinined force values for wire diamerers up o
F000pm {0197 ). 1 also evalnnted several exponential
functioms, bot the lincar relationship shown in Figure 3,
page 31, provided the mosi refsonalble results, considering
the lamived amoant of data availoble, While not fersible ac
thee dise ol this amalysis, experimental testing of the various
wire diamerers could quickly detennine the el relakon-
ship between the shape memory foree generated and the
wire thameter. | usad the force ws. wine diameter colouls-
tioms showm in Figure 3 1o perfonm the remaining spring
design caloulations.

Simce the spring design procecure invalves many vani-
ginles that affec the overall perfommnes of te spring, sevenl
itertioms nre often necessary o complete the design. [osed an
Bzl sprescshect to perform these repetitive calenlations and
i allow eagy manipulation of lange amounis of data. The spread.
shect allows the spring desigeer fo quickly emter all known
parameters, sach as the critical actuator dimenssons and sug-
gestex] Witinel wire diameter, and veew the resulls imumedi-
ately. Then, by changing different variablss, the designer can
optimize the spring design for o particular spplication. The
apreadslet abso uses a sienple hookup tshle o asomatically
praveisle the comesponding foree value for the emnered wine di-
ameler. An cxample of o spring design ealculation using s
apresdsheet can be fourxd in the Appendix.

While performing some spring caloulations wsing the
sprzadshest mentiomed abave, | discovered large shear stress
valoes were fior very small Matinol wire dizmeters, Figure 4
page 32, demonstrates these largs shear stresses in the wine
far smuoll wire diameters. The datn in Figune 4 applies io a
:r.u'.irl,g coil with am ouwter coil dinmeter of .75 inches, T3%
service factor, and 13 acifve coils. The shear values rapidly
dimiinish o near yield strength for diameters lasger than
Slam, with thee largest values of nearly 5.7 million psi
150um. For this particular spring, the doia suggest a
1,000um diameter wire a9 & minlmun based on the shear
stresses in the wire, Figure 4 alse shows the caboulasted spring
rale, K, for the ramge of wire diameters. This relaticnship,
caleulnied nsing Eqoation 14, increases exponentially with




Figura 2: Shape Memory Foree vs. Wire Size for Nitinol and Flexinal Wire

== ki Wi Gl G
S o Dyratoy Floicd [

15 i | 250 0 =0 ann
Wire Dizmeter (pm]

Figure 3: Calculated Shape Mamory Farce vs, Wire Diameter
Based on Nismarical Extrapedation of Published Nitinol Wire Data

Wire Diameter (jum)
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imcTeasing wire diameter. The cabeulated value for s 5, 0000L0m
diameter wire spring 13 nearly 900 [bEin. The spring raic,
like the ealenlaied shape memory force, should be evali-
ated experimendnlly, since Hmited dala preveiis a mone thor-
ough mvestigabion.

DisCuUssIionN

The purposes of this imestigation were to inroduce
some of the mechanical and material propenics of shape
memory metaks and o develop a practscal procadure to de-
sign springs for SMA actuators,

Thers are many factors that affect shape memory
spring performance, hul manuficturng procedianes are riti-
cal i the proporibes of the wire, Spring designens should
coisider the expansion of the metal during witding and
shape “setting,” and that cold working can greatly enhance
b wire's mechanical propenties,

Becass the avnilable data for wseable ouput foros
vs, wire diameter was limited o small wire diameters, [
used a linear extrapolatton 1o derive the data for wire diame-
grers up b 5000pm, Although I evalsaled several expo-
nentinl relationships for the publsbad data, the Llinear model
provided the most resenable prediction of the forces nvail-
able at barge wire dismeters,

Engineering analysis of ilw Bidnol wire and spring
desngn diebermaned that springs made with wire having di-
ameters less than 1 (00pm may sec exceptionally high shear
stresses and shoulkd be thoroughly wested. Spring designess
can calculase the stroke of a S¥A actantor using the proce-
dure deseribed in this repor, bal the dynemics of te load-
ingg can drastically nffect the results. Therefore, they should
perfiorm mechanical iesting when gither the stroke or total
autpt force &5 on critienl design constraint,

Using the Excel spreadabest in the Appendix on page
34, a designer can quackly caleulass all the engineering po-
ranselers necessary o design a Mitine] wire spring for use
in & panicular actaator design. As shape memory-powered
linezar sehagiors goin populanty m e aercapacs and medi-
cal indudiries, this quick snd powerfial design ipol can greatly
reduios the s apd expense nmsocisted with designing shape
memery alloy springs.
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APPENDD: SHAFPE MEMORY ALLOY
SpriNG DESIGN AID FOR LINEAR ACTUATORS

This spreadshest will quickly design @ shape memory allay
halical compression speing o i in a designeted actarior Aousing,

Tupur
Fill in the flelds below to calenlote the proper size and properties of SMA spring

1) Actunisr Section (Feg “4" in Figere 1, page 25)

Dimenslon
Allowahle 0.1, of bousing ([},_) A 0.75  inches
Thesired wall thicknees (1) B 0,15 imches
Diesared sehesior siroke c | inches
Allpeenble hrasing dengib (L) 0 2 inchwes
1) ¥itimol Wire Speing Design Section (See “B™ in Figure 1)
Varinbiz
Suggested or nvailable Nitmol wire dismeter d 100 o
Mumber af active colls Na 14 cails
Modulus of clasticity — sustenitic phase Libeeated 1 20E+OT psi-
Modulus of elnsticity = martensitic phasg Coald 4 AME+6 psi.
Applisd force service factor (200 note below) SF 0.74
Mo The avoar of oseable fome actvally freanimod
oo e genuarar pre b canmd suedly be caialaled.
e zervive factnr (5F) arvaieis fow Rils maserismny
et of iction ant wiesen inading
(reur
The follewing fields calculate design prrgmeters for the speing
Fhyifcal Spriang Farameters
Varizhle
Mitinol wire diameter in mches (conveni=nce] d 0,039 imnches
Useabbe force (2ctunl force X 5F) F 9804 Thl
Clearance {spring 0.0, and housing LIV} e=d'4 @ 0010 inehes

SPRIMGS, Winker 19349
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7.7. Homework Lab Questions

Team Members:

To be turned in with helical spring assignment:
Transformation Temperature
Transformation temperature target
Actual transformation temperature

% Error ((target-actual)/target)

Documentation of Design Process

Attach calculations and description of design decisions made throughout this homework
lab.

1. If the design needs more force than the original specification, what should be changed

in the shape training process?

2. If there were more coils than what was originally designed for, what could that

change?

3. If the wire diameter were smaller or larger, how would that affect the design

specifications?

4. If the transformation temperature needed to be higher or lower, what would need to

change about the shape-training process?

5. For what creative application might one use the spring actuator as designed?
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7.8. Grade Sheet

Team Members:

Prelab Questionnaire (5%)

In-Class Workshop (25% total)

Transformation temperature reporting (5%)

Shape matching/explanation (10%)

Temperature application question (10%)

Homework Lab (70% total)

Targets met within £20% (25%)
Analysis/design equations (30%)
Open-ended questions (10%)

Creative application for spring actuator (5%)

Overall Tutorial Grade (100%)

44



7.9. Lab Evaluation

Fall 2004

Lab being evaluated: SMA Shape-Training

What was the purpose of the lab?

What did you learn during the lab?

What were the highlights of the lab?

Please suggest specific ways that the lab can be improved:
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7.10. Supplemental Figures

Figure 8: Fixture fastening scheme

Figure 9: Test fixture for spring measurements
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