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Abstract

Metallic networks are promising candidates for new age porous materials wherein porosity is induced by
manoeuvring network architecture. Their properties are thus highly dependent on architectural parameters like
fibre segment length, orientation of fibres, porosity etc., apart from being dependent on the nature of material
and processing conditions. As such, varied networks having diverse properties can be constructed depending
on the choice of architectural or structural parameters and fibre material. Shape memory alloys (SMAs), when
used to make the network, can bring about additional properties like superelasticity and shape memory effect
in network that can be beneficial for increasing the recoverable strain of SMAs. In the current study, the as-
received cold worked Nitinol wire of 0.125 mm diameter has been considered. In order to achieve the required
SMA properties for manifesting the characteristic behaviour of Nitinol, an annealing treatment is needed. The
specimens were subjected to heat treatment at 400°C for 5, 15 and 30 minutes and evolution of transformation
temperatures was measured by differential scanning calorimetry (DSC). Further, the effect of fibre orientation—
a critical structural parameter of the networks — on the shape memory properties of SMAs in the porous network
form has been considered. For this, SMA fibre specimens annealed at 400 °C for 30 min were inclined at
different orientations and loaded in tension till fracture. It was observed that with the increase in inclination
angle from the loading axis, the plateau and fracture load decreases, whereas the superelastic strain range
increases. The SMA deformation characteristics were then modelled in ANSYS software to determine the
effect of inclination angles and further validated.

Keywords: Shape memory alloys, metallic fibre networks, fibre inclination angle, superelastic behaviour

1. INTRODUCTION

The uniqueness of the porous materials lies in their ability to incorporate pores and related characteristics,
apart from retaining the inherent properties of their constituent material. Fibrous based porous materials exhibit
heterogeneity and high porosity, which widen their application areas, including light weight structures, sound
and energy absorption, heat transfer, catalysis, filtration and bioimplants [1-3]. These materials can be made
with metal fibres, which are arranged as per a specific architecture to required shape and sintered to establish
bonding at the fibre-fibre contacts, after compaction [3, 4]. The properties of these networks are dependent on
the architectural parameters including fibre orientation, fibre segment aspect ratio and the fibre material. It is
thus interesting to explore the combined effect of a fibre being a smart material like Nitinol (alloy of Ni and Ti)
and its deformation behaviour influenced by fibre network architectural parameter, such as fibre orientation.

Smart materials like Shape Memory Alloys (SMAs) exhibit properties like superelasticity (SE) and shape
memory effect (SME), in response to load application and temperature variations, respectively [5]. Their
characteristic behaviour arises due to the presence of austenite (A) and martensite (M) phases and their
reversible transformations [6]. A third phase, R-phase (R) can exist in the material either due to the presence
of dislocations (cold-working) or annealing of Ni rich Nitinol at specific temperature ranges or addition of
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elements like Fe [7]. Thermo-mechanical history, thus, influences the response of SMAs to loading. It also
regulates the transformation temperatures As, Ar, Ms, Mt, Rs and Ry, where Asis the austenite start temperature,
At is the austenite finish temperature and so on. Taking into consideration the complex behaviour of SMAs and
their specific properties, the present study involves determining: (i) the effect of annealing on Nitinol
transformation properties and (i) the effect of fibre inclination angle on the annealed SMAs deformation
behaviour, specifically, their superelastic response.

2. MATERIALS AND METHODS

Equiatomic NiTi (Nitinol) in the form of wire in cold-worked state with a diameter of 0.125 mm was procured
from Good Fellow Cambridge Ltd., UK. The long wire in the spool was cut in to required sized fibres for further
testing and analysis. These fibres were then annealed at 400 °C for 5, 15 and 30 min in a muffle furnace. The
determination of phase transformation temperature of the annealed samples was carried out using differential
scanning calorimetry (DSC) (TA instruments, Q 200) by subjecting them to heating and cooling cycles in the
temperature range of -40 °C to 120 °C (150 °C for 5 min annealing) at a rate of 10 °C/min. The fibre sample
annealed at 400 °C for 30 min was loaded in tensile mode using Zwick-Roell UTM with 1 kN load cell and a
heating chamber (RT to 250 °C). The fibre samples used for tensile testing were oriented at different angles
of 15°, 30° and 45° with respect to the loading axis, apart from the vertically inclined (i.e., along the loading
axis) one, keeping the gauge length as 25 mm. All the samples were loaded at 65 °C (T > Ay), till fracture while
maintaining a crosshead speed of 0.001 mm/s. Further, the annealed samples (those of vertically aligned and
oriented at different angles) were also pulled in tensile mode till 4% strain and then unloaded to zero-load
condition, to determine the superelastic characteristics. The loading-unloading tests were carried out at
different testing temperatures, especially above and below the Artemperature, to determine their influence on
the superelastic behaviour. The superelastic behaviour of the vertically aligned fibre was then modelled in
ANSYS v18.1 and validated. Considering this model, the unloading characteristics of inclined fibres have been
simulated.

3. RESULTS AND DISCUSSION

3.1. Annealing effect on transformation temperatures

The as-received Nitinol wire was expected to show the suppression of martensitic transformation due to its
cold-worked state [8]. The annealing was thus required to decrease the dislocation density and allow the
martensitic transformation. It has been suggested that low temperature (i.e., partial) annealing, after cold-
working, shows better strength and superelastic characteristics and hence a temperature of 400 °C was
chosen for annealing the specimen [7]. The DSC curves of the annealed specimens are shown in Figure la.

The DSC curves show two peaks, one on the heating and the other on the cooling side, having little hysteresis.
The peaks are broad for the specimen annealed for 5 min., while they evolve to become narrower for
specimens annealed for 15 and 30 min, respectively. The presence of R-phase is expected due to the low
hysteresis in the heating and cooling curves (as seen in Figure 1a) and high dislocation density of the as-
received sample [7]. The change in the annealing time, although does not affect the nature of phases formed,
is seen to change their transformation temperatures. The effect of annealing time on transition temperature is
shown in Figure 1b. The narrowing of the peaks with the increase in the annealing time is observed, resulting
in decrease in the temperature hysteresis. This is because the stored elastic energy decreases with annealing
[9]. As the transformation temperatures show only a slight change for 30 min annealing time from 15 min, the
former is selected for further investigation. Table 1 shows the measured transformation temperatures for the
three cases.
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Figure 1 a) DSC curves of Nitinol SMA annealed at 400 °C for 5, 15 and 30 min; b) Effect of annealing time
on transformation temperatures of Austenite and R-phase

Table 1 Transition temperatures of equiatomic Nitinol, measured from DSC, after annealing at 400 °C for

different times

Annealing time at 400 °C Transformation temperatures (°C)
(min) As At Rs Rf
5 -20.37 64.71 61.38 -23.91
15 36.43 58.86 55.23 28.42
30 36.97 55.41 52.64 31.21

3.1

Tensile test till failure

The vertically aligned and inclined fibres (annealed at 400 °C for 30 min.) were kept in the heating chamber at
65 °C and pulled till failure. The results are compared with each other as well as with the as-received sample
(aligned along the loading direction) and are shown in Figure 2a. The as-received sample does not show any
superelastic plateau due to its cold-worked condition [10,11]. The annealed samples, on the contrary, show
Luder band like transformation of austenite to stress induced martensite. Further, the load required for
transformation i.e., transformation load, of the annealed samples continuously decreases as the fibre
inclination angle is increased. A decrease of about 15% from vertically aligned fibre to the fibre aligned at 45°
was observed. The plateau range (displacement range for the plateau region), however, shows an increase of
about 58% from the vertically aligned fibre to the 45° inclined one, as shown in Figure 2b. The increase in the
plateau range, corresponding to the Luder band transformation, can be due to longer inclined length of the
wire which increases with the angle of inclination. Figure 2b also represents the decrease in fracture load and
increase in the overall displacement with the increase in the inclination of fibre. The fracture load decreased
by about 6%, whereas the overall displacement increases from about 16% to 30%. The increase in the overall
displacement required for fracturing the inclined wire at low loads can be the direct manifestation of higher
axial and shear force and bending moment for the inclined fibres. Also, if compared to the as-received sample,
the fracture load and total displacement of the vertically aligned annealed fibre is observed to be almost 5%
lower and 95% higher, respectively, thereby showing the influence of annealing on the properties i.e., increase
in ductility and decrease in strength.

3.2. Superelastic behaviour at different temperatures

The vertically aligned annealed specimen with tensile load — unload cycle was performed at different testing
temperatures to determine its superelastic behaviour. The deviation in the behaviour of the inclined fibres from
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the vertically aligned one is a function of the properties of the latter. The superelastic behaviour of the vertically
aligned fibre was at temperatures lower and higher than Ay, as shown in Figure 2c, and compared, to find the
optimum temperature for investigating the effect of fibre inclination angle. As shown in Figure 2d, the upper
and lower plateau load shows an increasing trend with the increase in the test temperature. At room
temperature, the upper plateau load is 6.4 N which then increases to 8.8 N (about 37% increase), when the
testing temperature is 65 °C (above Ayr), and the transformation to austenite is complete. This is because the
austenite becomes more stable as the test temperature increases and hence requires higher load for initiation
of transformation [7]. The lower plateau load also shows a linear trend, showing a 97% increase with the
increase in test temperature. The load hysteresis decreases first and then tends to stabilise as the temperature
becomes greater than Ar.
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Figure 2 a) Load - displacement curves of as-received and annealed Nitinol fibre samples aligned along the

loading axis and 15°, 30° and 45° away from it; The effect of fibre inclination angle on b) transformation load,
plateau range, fracture load and total displacement of the fibre, c¢) Superelastic curves of Nitinol tested from
room temperature to above Artemperatures, and d) its respective variation of upper and lower plateau load

3.3. Simulating the superelastic behaviour of inclined fibres

The loading-unloading characteristics of the annealed sample, oriented along the loading axis (i.e., vertically
aligned) and tested at 65 °C, were used in the ANSYS software to simulate the same for the inclined fibres
aligned at varied angles with the loading axis. The model in ANSYS v18.1 requires six constants (starting and
final stress values for forward and reverse phases, transformation strain and a parameter to measure the
difference in the response for tension and compression) to completely simulate the superelastic behaviour of
SMAs [12]. The SMA fibre was modelled with diameter as 0.125 mm and length as 25 mm. One end of the
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fibre was fixed, and displacement was provided to the other end. Optimized FEM parameters with a tetrahedral
meshing and an element size of 0.04 mm was considered for our study. The fibre was pulled to 1 mm and then
unloaded to zero load. The superelastic curve simulated for the vertically aligned fibre was compared with the
experimentally obtained curve and a good co-relation was observed as shown in Figure 3a. The validated
model was further considered to predict the superelastic behaviour of inclined fibres. Keeping the fibre
characteristics same as vertical fibre, the superelastic curves of fibres inclined at15°, 30° and 45° inclination
angles were predicted, as shown in Figure 3b.
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Figure 3 a) Comparison between experimental and simulated (ANSYS) superelastic curves of Nitinol, b)
simulated superelastic curves of fibres inclined at 0°, 15°, 30° and 45°, the effect of fibre inclination angle on
¢) upper and lower plateau load and hysteresis, and d) forward and reverse plateau range and the
displacement required for transformation

As the fibre inclination angle increases, the upper and lower plateau load as well as the load hysteresis
decreases, as shown in Figure 3c. The upper and lower plateau loads show a decrease of about 35% and
33% respectively, while the decrease in hysteresis is seen to be about 39%. The forward and reverse plateau
range also decreases when the loaded fibres are extended to 1 mm and then unloaded, as the transformation
of austenite is delayed, and is shown in Figure 3d. The forward plateau range decreases from 0.64 mm to
0.29 mm as the fibre inclination angle increases. The reverse plateau range decreases from 0.67 mm to 0.43
mm as the displacement required for transformation of austenite increases from 0.36 mm to 0.71 mm, showing
an increase of about 99%. The decrease in plateau load with increasing fibre inclination angle is also observed
when they are loaded till failure. This decrease is critical while considering the use of SMA fibres in porous
metallic networks. It is to be noted that the increase in the fibre inclination angle may decrease the load required
for transformation of austenite and also the fracture load. However, the delay in showing the transformation
and increase in the overall displacement may prove beneficial in several structural and bio-medical
applications, when combined with their porous nature.
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4.

CONCLUSIONS

Following conclusions can be drawn from the present study:

)

i)

ii)

The Nitinol SMA fibres annealed at 400 °C exhibits low hysteresis and an increase in transformation
temperatures as function of annealing time from 5 min to 30 min, where the increase is negligible after
15 min.

With the increase in fibre inclination angles from 0° to 45° of the annealed SMA fibre, the fracture load
decreases by 6%, while the displacement increases by 85%. Further, the transformation load decreases
by up to 15% and the plateau increases to 58%.

The developed and validated ANSYS model for vertically aligned SMA fibre predicts well the
superelastic behaviour for inclined fibres. A decrease in upper plateau load of about 35% and a delay
in the start of transformation has been observed with increase in inclination angles.
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