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Abstract

Shape memory alloys have been used for actuatiopopes because of their shape memory effect.
However, for a lot of applications the functionatgdadation is a limiting factor that needs to be
overcome. Others have proposed that partial tramsfitons can mitigate functional degradation thitoug
which shape memory alloys become useful for moreliegions. However, controlling partial
transformations poses challenges because paramstets as transformation temperature and required
transformation energy, shift during the life of thaterial.

Electrical resistance has a direct relation with ¢ixtent of transformation. Although this relation
is not linear, it could still be used for contrdlmartial transformation if the relation is undesd well.
Electrical resistance is dependent on the temperatextent of transformation, and percolation.
Percolation in turn depends on the transformatiequence. A local connected path of transformed
material will lower the overall resistance of thaterial due to the lower electrical resistanceustanite.

If a row of material transforms first, it will haxaelarger influence on resistance than randomlyibiged
transformations.

It is shown that the change in resistance can loemstood when considering the temperature,
extent of transformation, and percolation. Theuefice of percolation is present, but small. Theegfihe
change in resistance mostly depends on the changmmiperature and strain. This understanding of the
change in resistance can then be used for acawateol of partial transformations undergoing rétpet
cycles. The most important aspects which influgheeaccuracy of this method are also identified.

1. Introduction

The shape memory effect makes shape memory alBi#s$) very interesting for actuation purpoSe
The high energy density and large stroke make® thiederials more suitable for flaps on airfoilsrthir
example, piezo-electric actuatbré remaining challenge is the limited functionié lof SMAs" & It has
been proposed that partial transformation cycl8&Cg&) can mitigate a large part of created damage an
thereby extend the functional life significartfy’ **

PTCs can improve the functional life of SMAs be@atiee most damaging part of the transformation is
excluded from the actuation. The last part of thagformation needs the highest energy gradienttarsd
is the most damaging to the microstructure of tiagenial”
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However, the challenge with PTCs is controlling &xéent of transformation. Most control parameters
shift during the life of the material and are tliere not suited for control. In previous researtempts
were made for controlling PTCs using temper&iustain responsé energy differentidf, and electrical
resistance Of these parameters only electrical resistanseahdirect link to the extent of transformation,
because it mostly depends on the ratio of austemite martensite in the material. Unfortunately, the
change in electrical resistance is very non-lirkaing the transformation.

Full understanding of the non-linear behaviour lafciical resistance during the transformation of
SMAs is important for control of actuation. Knowithe relation between transformation and resigtanc
will allow for accurate steering of SMA actuatorsdaalso raises the possibility of studying the etffeof
partial transformations on functional degradaticrenaccurately.

In this article a model is proposed that can repdicthe change in resistance during the reverse
transformation of an SMA. First, the model is exptal and required material properties are given
(section 2). Second, the model is compared to @rpetal data (section 3). Finally, a discussionhaf
correlation will be given, together with recommetiatas for future improvements (section 4).

2. Method

The electrical resistance of SMAs is dependent tan temperature, strain, and transformation. The
temperature and strain dependence are materiataras Obtaining these constants is explained in
section 2.1. The change in resistance due to émsformation depends on percolation. How percaiatio
can be modeled is explained in section 2.2. Ini@e@.3, the method for obtaining experimental data
given.

2.1. Material Constants

The strain dependence of resistance of materiaisnislinear. The change is dependent on the leoigth
the specimen and the cross-sectional ‘arBath of these parameters change during the tedtase
dependent on the transformation of the materialthacdpoisson’s ratio. Therefore, the strain depeoée
of the resistance was determined by curve fittisg@nd degree polynomial to experimental data.

The strain dependence was quantified using a ZRm#ll 20 kN static tensile/compressive
bench. A wire (Saes-Getters, SmartFlex, materidecaS0007, 0.4 mm diameter) was suspended in the
test bench and connected to a Delta Elektronikaep@upply (ES015-10) which was controlled using a
Labview program (National Instruments). The wiresvgaibjected to a load of 5 N, at this load thetleng
of the wire was taken as the original length. Thewas then strained with steps of 1 % to a marimu
of 3 % while resistance was monitored. These feadings (0 through 3), were plotted and the strain
dependence of the material could be determined.

For SMAs material constants need to be determinedhe martensitic phase as well as for the
austenitic phase. For testing the material in thetemsitic phase a current of 0.1 A was used. ésimty
the material in the austenitic phase a current2f2was used for both heating and resistance mibmdL.
The temperature was monitored using an IR camedra.cglculation method for determining the strain
dependence of both martensite and austenite is givEable 1.

Most materials have an electrical resistance thdinear dependent on temperafufEhe temperature
dependence was determined using the same equijpmtng same setup as mentioned above. However,
for this experiment the current was increased fota 2 A in 600 s, while the test bench was akedi
displacement. The reason for a very slow incredsgiment was to have a near steady state situation

2



ICAST2014: 25" International Conference on Adaptive Structures and Technologies
October 6-8th, 2014, The Hague, The Netherlands

each measurement. Because heat and stress arervpeting phenomena in terms of transformation in
SMAs, a very slow heating rate will result in a maccurate and repeatable test.

The resistance was taken at every°@COincrease and plotted at low temperatures (XB0for
martensite and at high temperatures (>X30for austenite. The temperature coefficientsesfstance for
both martensite and austenite are given in Table 2.

Table1: Calculation method used to deter mine the increase of resistance of the SMA asaresult of strain.

Description Formula
Strain dependen, martensit R = Ry(0.0018 - £2 — 0.025 - ¢ + 1.0229)
Strain dependen, austenit R = Ry(0.0016 - £ — 0.0346 - € + 1.0325)

Table 2: Temperature dependence of the SMA.

Parameter | Description Value Unit

iy Coefficient for temperatur | 1.377-1073 | [°C™}]
dependence, martensite

oA Coefficient for temperatur | 0.438-1073 | [°C™}]
dependence, austenite

2.2. Percolation

The percolation theory was originally developedaapurely mathematically exercise to calculate the
critically required concentration of holes in a riumd to have a connected path through that metlium
Kirkpatrick® has given an overview of the different availabledries for problems concerning percolation
and conductance.

As the material transforms, the martensitic sitdf still have a higher electrical resistance, ard
increasing number of austenitic sites will have\adr resistance. At some concentration of transéorm
material a connected path of lower resistance aitistsites will exist, lowering the overall resisce of
the material. Partly due to this process the dseréa resistance will not be linearly dependenttan
amount of transformed material.

Because of the large number of degrees of freedoam electrical resistance problem in a changing
medium, COMSOL is used to calculate the resistaatcdifferent degrees of transformation. Because
COMSOL is a physics based finite element packaghdtvs very good convergence of problems with
high accuracy.

A structure with cubic cells was used to represemtmaterial. In the simulation these cells tramafo
in a random order (i.e., a different conductividyassigned to certain cells). The model had a vadth
depth of 5 cells and was 100 cells in length ireotd represent the slenderness of a thin NiTi.wire

The material properties used in the model werentdkam the experiments as explained in section
2.1. The temperature and strain dependence of #nensitic and austenitic phase were combined and a
single input was used for the model. Combining ¢htygo parameters was done by taking a reference
value for both martensite and austenite and comgulie temperature and strain difference at eveiyt p
during the transformation as a function of temperand strain.

Because of the statistical nature of percolati@oti, ten simulation were run with random transfation
sequences. Also, two simulations were run with esgibed transformation sequence. In one case the
cells were transformed in layers from the top dosmthat the resistance was comparable to resistors
series. In this case percolation would not haveiafiyence.
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In the other case the cells transformed in colusmghat low resistance material would create a
connected path through the medium as fast as pesstdmparable to resistors connected parallehth e
other. In the latter case percolation would hawe l&rgest possible influence. The comparison ofehe
two simulation is done in section 4.

2.3. Experimental Data

The experimental data was obtained by electridadting a loaded SMA wire. During the experimest th
displacement of the mass suspended by the wire measured. The same wire was used as for
determining the material constants (Saes-GettengrtElex, material code 5S0007, 0.4 mm diameter). A
mass was suspended from the wire equivalent tdvE#® (3.203 kg).

Current was supplied to the system by a Delta Edekta (ES-015) power supply. Over a period of
640 seconds the current was increased from 0 ®A..8he reason for such a slow increase of cutieent
to mitigate time dependent effect as much as plessithe heating cycle was run two times, the fisatle
was to remove any load history from the wire, teeosid cycle is used for the actual correlation. The
displacement of the mass suspended by the wireused to compute the extent of transformation since
transformation is the only phenomenon responsisiedntraction.

How the resistance changes during the experimenbeaeen in Figure 2.

3. Comparison of Model with Experimental Data

In this section the results of the simulation Wil discussed first (3.1). The results of the sitiarawill
also be shown together with the measured dateofoparison (3.2).

3.1. Resultsof Simulation

Figure 1 shows the results of the simulation. Téleaviour of the resistance is dependent on the ande
which the material transforms. Figure 1 shows therage result of 10 simulations with different rand
transformation sequences for all cells. The maxindifference between these 10 random simulations is
0.02 %.

In Figure 1 it can be seen that the resistanc@ligiincreases which is mostly because of the
temperature dependence. After roughly 10 % transition, a steep decrease is initiated because
austenite has a lower resistance than martendiie.ldst part of the graph, after 95 % transfornmatio
shows an increase again, which, as in the firgt {gadue to the temperature dependence.

Two simulations were done with the most and leaffiénce of percolation. These two results
have a maximum difference of only 0.05 %. Therefgercolation has a very limited influence in this
specific case.
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Figure 1: Changein €electrical resistance according to the COM SOL simulation. Normalised
with respect to 50 % transfor mation.

3.2. Comparison Between Simulation and M easur ement

The comparison between measurement and simuladonbe seen in Figure 2. The most apparent
difference between the two graphs is the slope withich the resistance decreases during the
transformation. However, the trend displayed by #imulation corresponds very well with the
measurement. In the next section the differenctgdam the two results is discussed in more detail.
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Figure 2: Comparison between the mean of the simulations and experimental data. Resultsare
normalised with respect to 50 % transformation.

5



ICAST2014: 25" International Conference on Adaptive Structures and Technologies
October 6-8th, 2014, The Hague, The Netherlands

4, Discussion

As discussed in section 3.1, the theoretical haedtvweorst case of percolation only differ 0.05 %afthis
difference is so small means that the influenceo@fcolation is negligible. Therefore, the change in
resistance during the reverse transformation offa SMA mostly depends on the change in length and
temperature. It should be noted that the simulatimere done on a cubic structure and that another
internal structure might be more influenced by pkion.

If an internal structure more similar to the actoterial structure was used for the simulatioe, th
correlation between simulation and measurementimiiirove. The cubic structure in the simulation has
six nearest neighbours, if there are more neightbfiureach cell there are more possible routedablai
for the electricity. In a more interlinked interrgtiucture it is easier to create a path of lovesistance,
because regions of austenite can be connected. fakis way percolation will play a more significan
role and causes a steeper decrease of resistgpleéniag the difference in slope between the sitiora
and experimental data observed in Figure 2.

Another effect that is not taken into accounthis linear coefficient of thermal expansion (CTE).
While the material is heated it will expand dueghte CTE and thereby mask part of the contractiomef
material due to the transformation process. Becthesdéemperature does not increase linear duriag th
transformation, as can be seen in Figure 3, the B E&pected to influence the process mainly infitlsé
and last 10 % of the process. According to the rfeturer of the materiathe CTE of the martensitic
phase is6.6-107¢ [°C™1], for the austenite phase it isl - 107¢[°C!]. This corresponds with an
elongation of 0.23 mm during the full transformatit@emperature difference of 10€), or 3.2 %
compared with the contraction due to the full tfarmsation. As a result the actual transformat®n i%
more after the first 10 %, and another 2 % morer dfte last 10 %. This means that the peaks igrdngh
should be shifted outward, which will corresponttdrewith the measurement. However, the amplitude o
the change in resistance will not change sinceistosly dependent on the strain and temperatuaagsh

Temperature [°C]

0 20 40 60 80 100
Transformation [%]

Figure 3. Development of temperature as a function of the transfor mation.

For the experimental results shown in Figure Zadimass was used and the heating time was vegy lon
(640 s) to mitigate and time variant effects. bwever, the heating time would be dramatically &ror
the sudden transformation would cause an unevemngit stress distribution and this will influendee t
transformation itself and, thereby, the changeesistance. It is important to note that the chaimge
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resistance as shown in this paper is at very lansflormation speed and is not necessarily appédabl
faster heating rates.

Also, this method cannot be used for experimemds tise a fixed length of the SMA where the
force is increased during the transformation precé&ecause force and temperature are competing
phenomena in terms of transformation the resistaigmeal displays a lot of noise. This instabilitgnc
only be reduced if force is implemented in the medewell.

5. Conclusions

It is shown that the non-linear behaviour of theisence change during the reverse transformafien o
shape memory alloy (SMA) wire is understood weleTpresented simulation shows good correlation
with a measured response. The influence of pefonlatas calculated to be minimal since the best and
worst case showed a difference of only 0.05 %. Siheulation was done on a cubic structure, while
another structure might show more susceptibilitgeccolation.

Because a cubic structure was used for the sirmuolatiach cell had six nearest neighbours. If the
actual internal structure of the material shows enoonnectivity between transforming regions, the
influence of percolation would be more significantcreased percolation will result in a steeperease
of the electrical resistance. This can explain diference between the gradient of the resistance
according to the simulation and the gradient adogrtb the measurement.

Including the coefficient of thermal expansion wbalso increase the accuracy of the simulation,
especially in the first and last 10 % of the transfation range. However, it was shown that thentlaér
expansion is only a 3 % compared to the contracticnto the transformation. This 3 % difference Mtou
not increase the amplitude of the resistance,Hmupeaks would shift outward and show better caticei
to the peaks of the measurement.

The simulation assumes a steady state changeistarese and the results presented in this paper
are therefore only applicable to very slow transfation processes. If stress was incorporated in the
simulation, and monitored during the test, fastandformation processes could in theory also be
simulated.
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