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Abstract

biomedical (endovascular stents, orth
robotics, hydraulic couplings). T
based on its charact(a'stic
temperatures are influenc

SMA under an external load is subjected to cyclic

the alloy, defect densit¥ etc.
| work; for example, actuators, these characteristic temperatures

(Sl ere determined and compared with those of the other Ni-Ti and Cu-based SMAs.
The results show that the raising the load level causes an increase in the transition
temperatures, especially the Ms (martensite start temperature) rather than the other phase

transformation temperatures (martensite finish (Ms), austenite start (As), austenite finish




(A¥)). It also significantly affects the recovery strain and the rate of retraction during
forward transformation and the symmetry of operation.
Keywords: NiTiCu SMA, functional fatigue, stress influence coefficient,

actuation/retraction rate.

1. Introduction ® o
Near-equiatomic NiTi, commercially known as Nitinol, is one amon N

I cti®hal

patibilit unique

inning rather than slip which

commercial shape memory materials till date owing to its e

properties, together with its good mechanical properties and bi

superelastic effect (loading/unloading) *-3. Thes

diffusionless martensitic phase transformation

r a material, which undergoes

the shape memory effect is the symmetry of
austenite should be higher than that he product phase (martensite), and the point
symmetry group of the mart fall within the parent phase symmetry
group >8. There are cﬁe Crivehi ance the SME and SE, such as the strength of

the transforming ph of martensite, and level of ordering of the austenite
phase ©.
Both supgsé photodiodes, orthodontic archwires, eyeglass frames, hydraulic

coupli ictures) and shape memory effect (robotic arm grippers, stents,
swit ptuators) are deployed from the applications point of view 11, The

ic th

loy mainly depends on the hysteresis width and phase transformation
eratures. The main advantage of Ni-Ti SMAs is the ability to modify the
transSW@rmation temperatures just by controlling the composition of the alloys and their
thermomechanical treatments. When the Ni content of the binary alloy exceeds 50.2 at.%,

its transformation temperatures decrease at the rate of 10°C per 0.1 at. % of Ni increase 1>



14 This makes the alloy suitable for low-temperature and room temperature applications,
where SE is needed. In contrast, the alloy is less sensitive to the variation in Ti content on
the Ti-rich side, and the characteristic transition temperatures are pushed to above the

ambient temperature, which makes the alloy suitable for applications that demand S
The functional properties of the SMAs, such as recovery strain, hysteresis %dth, s @
)

affected when SMAs are subjected to thermal or thermomechanical cycling ee

characteristic phase transformation temperatures. This change of ory
characteristics by the repeated cyclic operation is called functional fati@lie s ™16,
During thermomechanical cycling, it is observed that dislocati are ge 7 the

microstructure of the alloy gets altered 8, and fine precipita tich@B.® are formed. The

occurrence of functional fatigue is attributed to the I hanges.

Among these microstructural features, cation is the primary

contributing factor for the changes in function perties. This is attributed to the
stress field created by the generatiog of dislocation 2 t affects the transformation of

phases either by preventing or facili the austenite/ martensite interface movement

during heating or cooling. G I cycling tends to reduce the phase

transformation temperaggires he motion of the austenite/martensite interface

by the dislocations t e rated during the cycling. On the other hand,

thermomechanical ¢

L

0 PVancing the transformation. This tends to affect the performance of

ginc s the transformation temperatures.

roups of dislocations that are generated during cycling. One

group hinde sitic transformation, while the other facilitates it and leads to
either
t spond to the stimulus (temperature) at different temperatures as

mpa e intended temperature. Smart actuators made of shape memory alloys and
t plications, such as coronary stents and aortic valve, are expected to have a lifespan
of more than 10 million cycles /2223, Under these conditions, these devices are more likely
to undergo functional fatigue, and as a result, these devices lose their intended

functionality/performance.



The fatigue life of a component/device depends mainly on the alloy composition,
microstructure, applied stress level, magnitude of strain, temperature cycle range, etc.
Among these, stress is considered to be a major parameter, which affects the fatigue life

2425 Moreover, most devices use Ni-Ti SMAs. Hence the basic alloy composition is fixeg

Therefore, a ternary addition to Ni-Ti would be of interest in improving fati%e life.
context, Cu addition could serve the purpose as they have some distinct advagiag
critical transition temperatures of binary Ni-Ti SMAs, especially Ni-ri loy!

even the variation of the Ni content by as low as 0.1 at. % lowers t nsition

temperatures by 10 °C. This, therefore, necessitates a closer contr, osition.

The addition of copper as a ternary addition overcomes itional sensitivity
caused by Ni in Ni-Ti SMAs. Moreover, coppe i transformation
hysteresis width, which is an essential requirement ctydlor applications, as a

smaller hysteresis width decreases the resp i actuator 2627,

can be described using Clausius—Clap
stress level increases transformatj
applications, they are Wject at different loading conditions. As a result of
varying stress level, thei tion temepratures change and it may adversly affect
the SMA-based actugi@rs. Ti

influence coeffigies

te, there are no reports available to show the stress
iTiCu based SMAs. This paper, therefore, aims to correlate
quantitative lyase @itatiVely the influence of applied load/stress to the transition

charactggsbi : Cu SMA subjected to SME cycling under constant stress.

the pr
dia

thermomechanical cyclic testing machine, where the two ends of the wire specimen were

study, an NisoTissCus (at. %) SMA wire with 100 mm length and 1.43 mm

r was used. Thermomechanical cycling tests were conducted using a custom-built

crimped and attached to the holder, which in turn is fastened to the electrical connection

(Fig. 1). As the higher magnitude of stress decreases the fatigue life of an SMA



component/device 222° it can be improved by reducing the level of load applied %3031,

However, reducing the stress level decreases the recovery strain. In the present work,

therefore, a minimum stress was chosen in such a way that the applied stress was sufficient
to achieve a minimum of recovery strain of 2%, and it was found (based on the trial-angd-
error) that to achieve this level of recovery strain, a minimum applied stress %25 M}
needed. Therefore, a stress range of 25 MPa to 60 MPa was chosen, which wagabel
yield stress of the martensite phase, and the tests were conducted within tadsastre

An electric current of 5 A (Joule heating) was allowed to pass through t i edling
the sample, followed by cooling it artificially to room temperatu

sing th ng fans

attached to the machine. A LASER extensometer and pyrom ed to measure the

displacement of the wire and temperature, respecti ing/€ooling. One end

ba on the chosen stress

Load cell

LASER Extensometer

Optical pyrometer

Wire sample

Weighing pan connector

Ball bearing

Fig. 1. Photograph of the thermomechanical cycling test setup



3. Results and Discussions

3.1 Stress influence coefficient

To understand the influence of applied load on recovery strain and transition temperatures,

the strain vs. temperature curve at different applied stress levels for NiTiCu SMA wag
plotted. The phase transition temperatures were measured from the temper@re vs
plot (Fig. 2) using the tangent method, and the recovery strain was calculated bygtak

ratio of the length change to the original length (length in the martengiiig pPha&&, afte
loading) and these values are given in Table 1.
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can rved from Fig. 2 that the transition temperatures are shifted to relatively
hi temperatures with an increase in applied stress level. This is because of the
stabilization of martensite brought about by the load applied during reverse transformation

occurring at relatively higher temperatures than in the stress-free condition, as stated by

the Clausius-Clapeyron relationship 2. Moreover, the martensitic variants prefer to



nucleate and grow in a direction that is parallel to the applied load due to the dislocations
structure that developed during the thermomechanical cycling 832, It is also evident that

the extent of strain recovery also gradually increases with increasing applied load level, as

shown in Fig. 3. Appling a stress of 57 MPa yields a maximum recovery strain of 3.79

This is due to the fact that at a higher stress level, the extent of deformatiorw highg
so is the recovery while heating it back to the austenitic phase.
Table 1. Effect of stress on phase transformation temperatures and re
Niso TissCus SMA
Applied Stress Mg M As At R
[MPa] [°C] [°C] [°C] [°C]

27.14 3158 3311 3491 46
38.19 32.28 3387 3557 3.21
43.02 32.73 3485 36 3.46
48.77 328 3461  36.2 : 3.44
51.70 33.31 37.08 3.56
57.32 335 38.82 3.70
It is also observed that th is width remains unaffected by the load applied, and

the earlier results reported for NisoTisCuio shape
memory alloy by D.C. . This is due to the fact that the addition of Cu enhances

patibility by making the motion of austenite/martensite

overable during heating, with increasing stress.

The stress influence coefficient is one of the most important design parameters, which
indicates the proclivity of the transition temperatures to the stress applied. It was

determined from Fig. 3. The slope of the linear fit curve of each transformation temperature



gives the SIC. Generally, a steeper line is an indication of stable transformation temperature
on the application of stress. The stress influence coefficients for some of the Cu-, NiTi-

based shape memory alloys are listed in Table 2. Q
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Fig. 3. Applied sﬂss vSlaximu covery strain plot of NisoTissCus SMA at
if magnitudes of stress
e oefficients of some Ni-Ti and Cu-based SMASs as obtained

rom the literature and the present study

Table 2. S

Stress influence coefficient (MPa/°C)
stem Ref.

(Ms) (M) (A) (A)
NisoTi4sCuUs 7.74 15.13 10.46 8.82  Present study

2. NiTi 2.2 3.6 7.2 4.2 33

3. Tiss.16Ni 38.1 -11 12.2 9.6 34
4, CuznAlCo 6.84 NR 7.24 NR 35




The stress influence coefficient values, which are listed here are based on the
transformation temperatures and stress values reported in the respective literature 3335,
were found separately for each transformation temperature, i.e., Ms, Ms, As and As. In the
literature 333, an average value of stress influence coefficient for martensite (Ms+Mg
and for austenite (AstAr)/2, respectively, are quoted. But from the prese&t stud g
evident that the effect of stress on each of the transformation temperatidkes
significantly. Hence, it is strongly recommended that the stress influe e nt i

reported separately for all transformation temperatures.

These results indicate that the phase transition temperatures As are

i.e., cycling from above Ar to below due to the applied stress) and

thermoelastic martensite, TEM (due to cooli m. The initial martensitic

transformation (A to M) during S ling under constant stress is mainly due to the

stress is insufficient to transfo me of the parent phase into martensite as
some of the variants ma riented in the direction parallel to the applied
stress. The variants t r rably oriented with the stress will transform into
thermoelastic martens ainly ®ue to the thermal energy contribution by cooling.

The stress infi#l nt of Ms is almost twice that for Ms, indicating that the

ature is affected by the applied stress to a lesser extent. This

ence the My) are not much affected by the applied stress %37, The martensite
indicates the complete transformation of martensite from austenite. Therefore the M
temperature does not depend much on the applied stress. Referring to the values presented

in Table 2 and those obtained from the experiments from the present study, it can be well



established that besides the applied stress, the alloying elements also exert an influence on
the stress influence coefficient.
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the transition temperatures
The stress influence s obtained from the present study clearly shows that
the change in Ms (m site staflip temperature) is more influenced by the applied stress

rather than th B | hase transformation temperatures. From Table 2, it can be

e conventional actuators, which require a separate sensor, a processor, and an actuator
unit, those based on SMAs tend to replace them due to their high specific work output and
simplicity of design %3, SMA actuators actuate upon heating (M— A transition) and

retract upon cooling (A— M transition). The rate of actuation and that of retraction varies



depending on the operating conditions like rate of cooling, stress level, etc., which often
lead to asymmetry of actuation and retraction. From Fig. 5, it is evident that stress has
almost no effect on actuation during heating (M — A transition), while there is a significant
change in retraction during cooling (austenite-to-martensite transformation). Moreoyg
symmetrical operations could be achieved at higher stress levels as comp&red to
stresses. This is due to the fact that during heating, there is only one
energetically favorable for the reverse transition (M — A), irrespective or

of the variants of martensite that is formed during cooling.
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The

r tion starts earlier due to the rise in its Ms temperature with assistance from the applied

ess affects the rate of actuation only marginally. But, during cooling, the

stressywhich facilitates the process of reorientation of martensite variants %°. As a result,
transformation progresses at a faster rate than the unstressed condition with higher

symmetrical operation during actuation and retraction at higher rather than lower stress




levels. The retraction time decreases (i.e., the increase in the rate of retraction) with the
stress level being raised (Fig. 6). The reduction in the rate of retraction is not much

significant at a lower value of stress, and the impact is greater at a higher magnitude of

stress. These results indicate that the critical stress required for the effective reorientatign

of martensite variants is ~45 MPa, and after it reaches the critical value, the effect of
IS more prominent on the retraction rate. Another interesting observation fro
study is the recovery time required to increase the recovery strain from 1%

the same, while for 2% to 3%, it decreases with the stress level bein

200
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raction time vs. stress plot for different strain levels
itial strain corresponds to the commencement of the martensitic

omplete transformation corresponds to the final strain. As was

nsite, which are not favorably aligned with the direction of applied stress, and such
transtOrmations depend only on the temperature. There is, therefore, a delay in the
retraction at the final stages. But at higher stress levels, the orientation of the maximum

number of martensite variants takes place. Along with the formation of thermoelastic



martensite during cooling, stress-induced martensite by the applied stress facilitates the
whole transformation to proceed faster and at a uniform rate. As a result, quicker retraction

at higher stress levels.

Conclusions

In our study, the variation on SME characteristics (phase transition ‘emper
actuation/retraction rate, hysteresis, recovery strain) of an NisoTissCus (at.%
subjected to constant stress during thermomechanical cycling w di

experimental study led to the following conclusions:

1. Applied stress affects the Mstemperature more significantl comp My, As,
and Ar. This is because of the stabilization of martensiie oCC8liking at a relatively
higher temperature.

2. An increase in applied stress level increases verygstrain. The hysteresis
width remains constant throughout s, irrespective of the magnitude

of stress applied.

3. The magnitude of stress appli a larger impact on the retraction rate rather than

the actuation rate and which mak e operation more symmetrical at higher stress

levels.

\ 4
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