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ABSTRACT

The austenitic start and finish temperature was determined for a NissTigs compression
spring. The spring was elongated at two different lengths then various currents were
applied to the spring with a DC power supply. A thermocouple was used to measure the
temperature at specific current intervals. When a change in shape and a steady state of
temperature was observed the temperature was recorded. A plot was then created to

determine the austenitic start and finish temperature.



1.1 Introduction

1.1.1 Theory

The shape memory effect (SME) appears in some special alloys that show
crystallographically reversible martensitic transformations. When mechanical load is
applied to the material in the state of twinned martensite, it is possible to detwin the
martensite. Upon releasing of the load, the material remains deformed. A subsequent
heating of the material to a temperature above the reverse-transformation finish
temperature (As) will lead to complete shape recovery, as shown in Figure 1. The above

described process results in manifestation of the shape memory effect.
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Figure 1: Representation of the changes in the crystal form of shape memory alloys that
leads to the shape memory effect [1]



Shape memory effect was first discovered in AuCd alloy in 1932 [2]. However, the
research in this field did not really become extensive until similar behavior was found in
a less exotic NiTi alloy (Nitinol) in 1963. Many kinds of shape memory alloys have
subsequently been developed, but only NiTi alloys, copper-base alloys, and Shape
Memory Stainless Steel (SMSS) have been commercially exploited [3]. Among these
three groups, NiTi alloy has been the most important material for applications, because
the Cu-based alloys are brittle in a polycrystalline state [4], and the fully reversible strain
of the SMSS is comparatively small [5]. Today, applications utilizing the shape memory
effect in NiTi alloys have penetrated various market sectors such as the connector,

household appliance, and biomedical fields [6].

Successful development of any applications involving shape memory effect requires a
clear understanding of the transformation temperatures of the shape memory alloy used.
In this project, As, which is the start of Austenite formation on heating, and Ay, which is
the finish of the transformation to Austenite, are determined for one type of 55/45 Nitinol

compression spring by in situ observation of its shape recovery process.

1.1.2 Critical Review of Previous Work

A substantial number of papers and books have been published on subject of shape
memory effect. Given the limited scope of this study, and the abundance of information
available on the subject, the critical review of literature was primarily focused on those

publications describing the characterization technique of shape memory effect.



Differential Scanning Calorimetry (DSC) is a very useful tool to characterize various
phase transformations, and has been widely used to analyze the thermoelastic martensitic
transformation in shape-memory alloys by several groups including Francisco M. Braz
Fernandes [7], Yongqing Fu [8], T. Lehnert [9] and E.P. George [10]. The DSC method
yields a plot such as Figure 2 by measuring the amount of heat given off or absorbed by a

tiny sample of the alloy as it is cooled or heated through its phase transformations.
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Figure 2: A typical DSC curve for NiTi Shape Memory Alloy [1]

As Darel Hodgson points out, one important drawback to the DSC method is that tests on
partially cold worked materials, such as those used to optimize superelasticity, can yield
poor, inconclusive results. This same drawback also may apply to samples, which have
undergone a heat treatment in the range of 400 to 600 °C following cold working. Thus,

fully annealed DSC results are often used as the basis for NiTi raw material selection



since they effectively characterize the baseline properties of the material prior to cold

working and heat treatment [1].

On the other hand, because the conventional DSC measures only the sum of all the
thermal events, there is always a compromise between sensitivity and resolution in
almost all the design schemes of the calorimeters. As a result, some important features
may be ignored or the results are easily misinterpreted in the cases involving weak
transitions or complex transition. Z. G. Wei suggested that Modulated differential
scanning calorimetry (MDSC) technique can provide more valuable information than
conventional DSC and can better characterize the first-order and second-order
transformations in the alloys. However, the interpretation of the MDSC data remains
open and more systematic measurements and theoretical considerations are needed.
Active A test, also known as a water bath or alcohol bath test, is another technique used
often in the industry [11]. This test is conducted by merely bending a sample of the
alloy, such as a wire, while it is below M; and then monitoring the shape recovery while
it is heated. A typical curve is shown in Figure 3. This method, while not very
sophisticated, will yield surprisingly accurate, repeatable results if performed carefully,

and it requires very little experimental apparatus.
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Figure 3: A typical active Ag test curve [1]

Jose Maria Gallardo Fuentes [12], Prahlad, H [13] andF. Trochu [14], performed strain
recovery tests to characterize shape memory effect. This method is used to determining
and naming transformation temperatures by thermally cycling a specimen under loading,
producing a T-¢- curve, as shown in Figure 4. The temperature points noted are ones
frequently used to describe the behavior of a particular alloy. M is where the Martensite
starts to form on cooling and Ms is where Martensite finishes; As marks the start of
Austenite formation on heating while A identifies the finish of the transformation to

Austenite and completion of shape recovery.



Length

Figure 4: A typical strain recovery test curve

Most of the transformation occurs over a relatively narrow temperature range, although
the beginning and end of the transformation during heating or cooling actually extends
over a much larger temperature range. The transformation also exhibits hysteresis in that
the transformations on heating and on cooling do not overlap. This is the technique

selected for the present study.

1.2 Experimental
1.2.1 Experimental Setup
The experiment setup schema was represented in Figure 5. The actual experiment setup

was shown on Figure 6.
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Figure 5: Schema for the experiment setup
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Figure 6: 6a shows the entire experimental setup for measuring the change in length for
the NissTigs compression spring. 6b shows the laser point on the edge of the spring.



The specimen was heated by an electrical current of given intensity (Joule effect) by
using a DC power supply, Protek Model P5050S. Two red coffee straws were placed
inside the specimen then placed onto a plastic guide stage where two metallic paper clips
were positioned at the ends as center guide for the straw. The length change of the
specimen was recorded by a regular ruler with accuracy to 0.1cm. The spring was fixed
at one end and a laser pointer was used to point at the other end. As the spring
contracted, the laser pointer was adjusted so that it always point at the end of the spring.
This was designed to help detect the spring length change. The temperature of the
specimen was measured by a thermocouple, 80 TK module attached to a Fluke 75
multimeter, fixed directly on the sample. A thermal joint compound, Thermoalcote, was
used to ensure proper heat transfer between the tip of the thermal couple and the

specimen.

1.2.2 Experimental Procedure

One 55/45 Nitinol compression spring was elongated to different length and performed
tests on due to limitation of access to shape memory springs. The specimen was obtained
from Johnson Matthey Inc. The current applied to the specimen was increased at a step
of 0.05A until the spring contraction was detected. The current step up rate changed to
0.01A thereafter. On changing of current each time, a waiting period of minimum 3
minutes were applied for the temperature to stabilize. After 3 minutes of stabilization
period, the temperature was recorded once it stayed constant for more than 30 seconds
allowing a tolerance of +/- 0.1 °C. The length of the compression spring was recorded

every time along with the temperature. The specimen came with an original length of



3.7cm. It was then elongated to 10.1cm and 13cm respectively to perform the

experiment. Four tests were performed at each elongated length.

1.3  Results

The plot for the 10.1 cm elongated spring shows highly concentrated data points in the
temperature region from 35 °C to 50 °C, as can be seen in Figure 6. These concentrations
correlate to the 0.05 A intervals that heated the spring to a steady state temperature.
However, the temperature region from 50 °C to 70 °C did not obtain a steady state
temperature. The length at 10.1 cm stayed constant up until to 37 °C, then it began to
change indicating the onset of phase transformation from martensite to austenite. The
austenite start and finish temperatures were determined by drawing horizontal tangential
lines at lengths 10.1 cm and 3.7 cm, the original length of the spring or the undeformed
martensitic phase. Next, a line was drawn tangential to the slope of the data points as seen

in Figure 7, and the intersecting lines on the plot will indicate the As and Ar temperatures.
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Figure 7: Transformation curve for NissTiss compression spring showing recovery versus
temperature. The spring was elongated to 10.1 cm.
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Figure 8. Tangent lines to the data points at 10.1 cm, 3.7 cm and the data point slope. The
tangent lines that intersect determines the As and Af temperatures.

For the 13.0 cm elongated spring, the current intervals were changed from 0.05 A to 0.01
A, when the temperature reached approximately 45 °C. As a result a higher concentration
of data points can be seen in Figure 8. This plot like Figure 6 shows that the temperature
region from about 50 °C to about 74 °C did not reach a steady state temperature, where
the spring transformed to its original shape of 3.7 cm. The higher concentration of data

points helped to obtain a better determination for the A and As temperatures. Once the As
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and As temperature were determined for the two elongated springs an overall As and As

average temperature was calculated to be 45.9 °C and 50.4 °C, as can be seen in Table 1.
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Figure 9: Transformation curve for NissTiss compression spring showing recovery versus
temperature. The spring was elongated to 13 cm.

Table 1. Numerical Calculations for Austenitic Start and Finish Transformation
Temperatures.

Compression Spring A As

Niss Tiss 45.9°C 50.4°C

1.4  Discussion

1.4.1 Statistical Analysis

The As temperature range was from 42.1°C to 50 °C or 7.9 °C, which is about 17% of the
average. The standard error was the standard deviation divided by the square root of the

number of specimen (2.6 °C/ 1.4) = 1.8 °C. The 95% confidence range of values would

be the Mean £ 2*SE, or As: 45.9 +3.6°C. The range for the As temperature was from 47.2

11



°Cto 52.7 °C or 5.5 °C, which is about 11% of the value. The standard error was (1.9 °C

/1.4) = 1.3 C and the 95% confidence range is 50.4+2.6°C

1.4.2 Source of Errors

A possible source of error in this experiment could have been from temperature drops.
Whenever there was movement in the room the thermocouple would show a drop in
temperature, this was especially true when the room was open to the hallway. Another
source of error was obtaining measurements in the change of length with a ruler. The best
measurement taken was at 1/10 of a centimeter. To try and minimize the measurement
errors a laser was used to record changes in spring length. Furthermore, measurements
were susceptible to errors if the table was slightly bumped because the stage setup was
unstable. The thermo paste for the thermocouple was another possible source of error.
The paste would sometimes adhere to the plastic guide, which possibly created a
resistance force against the spring, therefore affecting the measurements. In one incident,
while the spring was contracting the bonding of the thermocouple to the spring

momentarily broke contact, which caused an error in the temperature measurements.

The experimental tests for the two different elongated springs were not consistent and
contributed to the poor statistical analysis for the 10.1 cm sample. For the 10.1 cm test,
applied current intervals were only at 0.05 A, instead of switching to 0.01 A current
intervals when the temperature reached approximately 45 °C, which occurred for the 13.0

cm test as can be seen in Table 2 and Table 3 of the Appendix.
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Since As and A¢ varies substantially with slight change in the composition of the alloy
material, no published values were found regarding the specific transformation

temperature for this particular Niss Tiss compression spring.

1.5 Conclusion
For the NissTiss compression spring tested, the calculated values for As and As were
45.9°C and 50.4°C. The work presented in this article shows how As and As of shape
memory alloy can be measured using strain recovery test. Several ideas could be tested
to improve this methodology, from experimental point of view:
1. The experiment should be repeated with larger sample size to increase statistical
reliability.
2. Various elongated lengths should be tested to verify the validity of the phase
transformation temperature.
3. Use Other test methods such as DSC or Active As method to confirm results

4. Run the experiment in cooling mode to complete the hysteresis curve

13
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Table 2. Data Measurements for the 10.1 cm Elongated NissTiss Compression Spring.

Appendix

10.1 cm current voltage Temperature dL length  10.1 cm curren voltage Temperature dL length
+/-.1C (cm) (cm) t +/-.1C (cm) (cm)

Testl O 0 23 0 10.1 Test3 0 0 23 0 10.1
1.05 0.7 30.8 0 10.1 1.05 0.7 30 0 10.1
11 0.7 324 0 10.1 11 0.7 324 0 10.1
1.15 0.7 32.9 0 10.1 1.15 0.7 33 0 10.1
1.2 0.8 34.2 0 10.1 1.2 0.8 345 0 10.1
1.25 0.8 34.5 0 10.1 125 0.8 35.7 0 10.1
1.3 0.8 35.8 0 10.1 1.3 0.8 36.3 0 10.1
1.35 0.9 37.1 0 10.1 135 0.9 36.9 0 10.1
1.4 0.9 375 0.2 9.9 1.4 0.9 375 0.1 10
1.45 0.9 38.3 0.2 9.9 145 0.9 40 0.2 9.9
15 0.9 39.3 0.2 9.9 15 0.9 415 0.3 9.8
1.55 1 40.3 0.2 9.9 155 1 42.6 0.3 9.8
1.6 1 40.7 0.5 9.6 1.6 1 43.3 0.5 9.6
1.65 1 42.1 0.7 9.4 165 1 44.9 0.8 9.3
1.7 11 43.8 1 9.1 1.7 11 45.6 0.9 9.2
1.75 11 45 1.8 8.3 1.75 11 46.3 1.6 8.5
1.8 11 45.6 3.6 6.5 1.8 11 48 3.3 6.8
1.85 11 74.4 6.4 3.7 185 11 75.6 6.4 3.7
1.9 11 76.4 6.4 3.7 1.9 11 77.9 6.4 3.7

Test2 O 0 23 0 10.1 Test4 O 0 23 0 10.1
1.05 0.7 30.4 0 10.1 1.05 0.7 30.5 0 10.1
1.1 0.7 321 0 10.1 1.1 0.7 32.2 0 10.1
1.15 0.7 32.7 0 10.1 1.15 0.7 33.1 0 10.1
1.2 0.8 34 0 10.1 1.2 0.8 34.7 0 10.1
1.25 0.8 34.5 0 10.1 1.25 0.8 36 0 10.1
1.3 0.8 35.7 0 10.1 1.3 0.8 36.6 0.1 10
1.35 0.9 37.1 0 10.1 135 0.9 37.7 0.1 10
14 0.9 37.7 0.2 9.9 14 0.9 38.4 0.2 9.9
1.45 0.9 38.8 0.3 9.8 145 0.9 40 0.2 9.9
15 0.9 39.6 0.3 9.8 15 0.9 41.9 0.3 9.8
1.55 1 40.6 0.4 9.7 155 1 435 0.3 9.8
1.6 1 41 0.5 9.6 1.6 1 44.2 0.6 9.5
1.65 1 41.9 0.7 9.4 165 1 44.9 0.9 9.2
1.7 11 43 0.9 9.2 1.7 11 46.1 1 9.1
1.75 11 45.1 1.7 8.4 1.75 11 47.3 2.1 8
1.8 11 45.8 3.6 6.5 1.8 11 49.1 4.2 5.9
1.85 11 72 6.4 3.7 185 11 69 6.4 3.7
1.9 11 75.4 6.4 3.7 1.9 11 74.5 6.4 3.7
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Table 3. Data Measurements for the 13.0 cm Elongated Niss Ti,s Compression Spring.

13.0 current voltage Temperature  dL (cm) length 13.0 current voltage Temperature  dL (cm) length

cm +/-.1C (cm) cm +/-.1C (cm)

Testl1 1.15 0.8 32.9 0 13 Test3 1.15 0.8 311 0 13
1.2 0.8 33.8 0 13 1.2 0.8 33.2 0 13
1.25 038 35.1 0.3 12.7 1.25 0.8 35.3 0.1 12.9
1.3 0.8 35.8 0.3 12.7 1.3 0.8 36 0.2 12.8
1.35 0.9 36.8 0.3 12.7 1.35 09 36.5 0.2 12.8
14 0.9 37.6 0.3 12.7 14 0.9 39 0.3 12.7
145 0.9 38.9 0.3 12.7 145 0.9 41.2 0.4 12.6
1.5 0.9 39.9 0.6 12.4 1.5 0.9 43.1 0.5 125
155 1 41 0.6 12.4 155 1 44.6 0.7 12.3
1.6 1 42 0.8 12.2 1.6 1 45.3 0.8 12.2
165 1 43.2 1 12 165 1 46.4 12 11.8
1.7 1 44.6 14 11.6 1.7 1 47.1 15 11.5
175 1 45.6 18 11.2 175 1 47.9 1.9 11.1
176 1 45.8 1.9 111 176 1 48.5 2 11
177 1 46 2.1 10.9 177 1 49.4 2.2 10.8
178 1 46.4 2.2 10.8 178 1 50.9 3.4 9.6
179 1 46.6 3.3 9.7 179 1 51.2 3.1 9.9
1.8 1.1 46.8 6.1 6.9 1.8 11 51.6 5.9 7.1
181 11 52.6 7.8 5.2 181 11 52.2 7.2 5.8
182 1 75.7 9.3 3.7 182 1 75.2 9.3 3.7
183 1 76.4 9.3 3.7 183 1 78.6 9.3 3.7

Test2 1.15 0.8 33.2 0 13 Test4 115 0.8 30.2 0 13
1.2 0.8 34.1 0 13 1.2 0.8 32.6 0 13
1.25 0.8 36.1 0.3 12.7 1.25 0.8 334 0 13
1.3 0.8 36.4 0.3 12.7 1.3 0.8 34.7 0.1 12.9
1.35 0.9 36.8 0.3 12.7 1.35 09 35.2 0.1 12.9
14 0.9 37.9 0.4 12.6 14 0.9 36.4 0.2 12.8
145 0.9 395 0.5 125 145 0.9 37.7 0.3 12.7
1.5 0.9 40.3 0.6 12.4 1.5 0.9 38.2 0.5 125
155 1 41.7 0.6 12.4 155 1 40.3 0.7 12.3
1.6 1 42.4 0.9 121 1.6 1 41.6 0.9 12.1
165 1 43.9 1.2 11.8 165 1 43.9 1.3 11.7
1.7 1 44.5 15 115 1.7 1 44.9 15 11.5
175 1 45.8 2 11 175 1 46.6 1.9 11.1
176 1 47 2.1 10.9 176 1 47.1 2.3 10.7
177 1 48.2 2.3 10.7 177 1 47.8 2.6 10.4
178 1 48.6 2.7 10.3 178 1 48.9 2.7 10.3
179 1 49 3.4 9.6 179 1 49.7 3.8 9.2
1.8 1.1 49.7 6.6 6.4 1.8 11 50.2 5.8 7.2
181 11 51 7.5 55 181 11 50.9 6.4 6.6
182 1 73.3 9.3 3.7 182 1 73.1 9.3 3.7
183 1 79.2 9.3 3.7 183 1 74.9 9.3 3.7
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