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Abstract ®
The effect of adding Co on the temper eha ternary TisoNi(so-

is work. The alloys were

0

by subjecting them to

calorimetry under stress-fr ' een their transformation temperatures.

The results indic% tha ' to NiTi alloys decreases their transition

ing cycling. The changes are due to the addition of Co
fon strengthening and generation of dislocations during cyclic
as confirmed by the hardness test results and TEM

ively.

iCo SMAs; Transition temperatures; Differential scanning

; Thermal cycling.

1. Introduction

Phase transitions occur in shape memory alloys (SMAS) on heating (martensite —
austenite) and cooling (austenite — martensite), and the phases are

crystallographically reversible and enable them to memorize their high-temperature
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shape [1-3]. Based on the transformation temperatures, SMAs are divided into low-
temperature (As< 0 °C) and high-temperature (As > 100°C) shape memory alloys,
where As, Ar, Ms and Mg indicate austenite start, austenite finish, martensite start and

martensite finish, respectively [4].

Commercially, NiTi-based alloys are considered to be one of the most s@eessfu
among SMAs and are therefore used in many engineering (actuators, roboti

grippers and pipe couplings) and medical (stents and orthodonti

applications because of their appreciable mechanical properti
biocompatibility, respectively [5-7]. Moreover, the shape me
transition temperatures, recovery strain and thermal hysteregj
are modified/tailored by adding ternary or quatern
substitution for Ni and Ti in the ordered parent B2/ re, local atomic

on {ntri operties of the

bonds expand or contract dependi
ternary/quaternary  element, including ucture, atomic radius,

electronegativity, and valency [10].

The shape memory alloys that ar ded for CryoFit couplings (a tradename for a

shape memory alloy-based ¢ tube fittings [12] are so designed that
lower than room temperature, i.e., low-
s. By replacing Ni atoms with Co [13], Cr [10], Fe

transition temperatures of NiTi alloys can be

their transition te‘oera
temperature shape m ry
[14], or Nb [1

substantially low

at
In NI'WFe shape memory alloys that are meant for cryofit
applicatig [ TRa temperatures are lowered by adding Fe to binary Ni-Ti
SMA:s. he corrosion resistance of these alloys is impaired due to iron
ontext, NiTiCo alloys are more appropriate for this kind of
l0g Co does not in any way impair the corrosion behaviour of the
i SMASs [17-19].

The phase transformation of NiTiCo alloys involves austenite-to-martensite transition
n cooling through a single-step or a double-step transformation (involving the
formation of R-phase) [1,20,21]. Not only does Co addition decrease the

transformation temperatures, but also, on the other hand, increases the work hardening




coefficient and vyield stress of binary NiTi SMAs [22]. Moreover, ternary NiTiCo
SMAs show improved mechanical and fracture behaviour on subjecting them to aging
and cold deformation [23]. Unlike binary NiTi alloys, ternary NiTiCo (< 2 at.% of Co)
alloys show a higher loading/unloading plateau (up to 30%) and a higher modulus
[24]. NiTiCo SMAs exhibit fatigue properties similar to binary NiTi allos unde
high-cycle and medium-cycle conditions. Moreover, the aging treatment helpsdagise

the transition temperatures of the NiTiCo alloys due to the change in co

comparable strain levels, making it possible to fabricate devices
thicknesses and smaller diameters with comparable

performances [19].

mperature before
being deformed by a mandrel. Subsequently, i into the room-temperature
en the coupler and the pipe
causes the martensite to revert to nite. As a result, the coupler firmly holds the
tubes. These applications requi itting and removal of the coupler for repair
and maintenance purposes, couplers are expected to have a fatigue
life span of at least ten alloy is highly deformable in the martensitic
state, the coupler igft by cooling it below M+ temperature. This frequent
of the

fitting and rem ler makes the material to undergo thermal cycling.

s are prone to thermal cycling fatigue.

posed to thermal, mechanical, or thermomechanical cycling, their
operties, i.e., transformation temperatures, recovery strain and
are affected. The variation in the functional properties introduced
urrence of the intermediate R-phase transformation upon cooling and the
increased number of cycles can adversely affect the performance of SMA-based
omponents/devices. As mentioned earlier, the addition of Co to NiTi (NiTiCo SMA)
could be one of the potential candidate materials for cryofit applications. However, the

effect of cyclic phase transformation on the transformation behaviour of NiTiCo




SMASs has not been studied yet. In our work, therefore, the role of Co introduction, up
to 3 at.%, on thermal cycling behaviour, such as the modification of transition <

temperatures and thermal cycling stability, of NiTiCo alloys were experimentally
investigated, and the results are presented in detail.
2. Materials and Methods ’ O
The materials for the study, namely TiNiso-xCox (x=1,2,3) alloys, were melte\

e

solidified in a graphite crucible using a vacuum induction melting g#nhace,Ih
NiTiCo alloy compositions are given in The X-ray diffracti
employed to conduct phase analysis on the annealed samples gaB 8

current of 30 mA, and utilised Cu-Kal radiation : £ 1.5406 A. The

range of 20 was from 10° to 90° and the step-size

each step is 1s.

Table 1. The alloy discs were subsequently solutio t 900 °C for 3 h in an Ar-

filled quartz tube, following whi

were quenched into water maintained at the
ambient temperature. The specimens then rolled down from 3 mm to 1 mm in
multiple passes with gradu
The sheet samples%re a

then they were q ' ater at room temperature. The X-ray diffraction

ness at 900 °C in open air condition.

for 30 min in an Ar-filled quartz tube, and

technique was oyed t

duct phase analysis on the annealed samples using a
Bruker D84Jaisgove del XRD equipment. The machine operated at a voltage of 40
mAYand utilised Cu-Kal radiation with a wavelength of 1.5406

was from 10° to 90° and the step-size was 0.02° with the time

bminal compositions of NiTiCo SMAs used in this study.

Nomenclature Composition of the alloy (at. %)

NTCol TisoNisgCo1

NTCo2 TisoNisgCo2



3. NTCo3 TisoNis7Co3

The test samples were prepared from the annealed alloys for thermal cycling <

experiments, to be conducted using a Discovery 25 model DSC under an N

atmosphere for 20 cycles under stress-free conditions. The cycling tempera@ rang

(50 to -140 °C) was chosen based on the alloy’s transformation temperatures wi e

rate of heating and cooling at 20 °C/min. Hardness tests were perfor eac
sample using an Innovatest Falcon 603 model hardness tester. Seven |j i

made on each sample by applying a force of 100 kgf for a dw me of e
perated at a
the TEM

microstructural examination was done using a Tecnai 20 magel T

voltage of 200 KV in the bright field imaging

studies were first mechanically thinned down fro using emery

sheets, followed by disc punching an omposition of the
H>SO4 and 85% methanol

g were: potential = 15V;

electrolyte used to prepare the TEM sample

(vol.%). The operating conditiogs for the electropoli

temperature = -30°C.

3. Results

NiTiCo2 and N e presence of austenite (B2 phase), implying that the

martensite bon temperatures (Ms and My) are below room temperature.

.., first to R-phase (A—R) and subsequently, to martensite (R—M), upon

cooling. However, the reverse transition (M—A) upon heating involves only one-step.
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Fig. 2 DSC thermogram for NiTiCo SMAs before thermal cycling

he NTCol alloy on cooling exhibits a twin-step transition, and a mono-step
transition upon heating, as given in Fig. 3 (a). As Fig. 4 (a) reveals, thermal cycling

‘ causes the austenite-martensite transition temperatures to reduce with the increasing



number of cycles. Interestingly, upon cooling of austenite to form R-phase (A—R),

the alloy shows stable transformation behaviour, unlike the martensite to R-phase

transition (R—M). During the initial cycles, the martensite and austenite transition

temperatures undergo a smaller reduction and then saturate.

The addition of 2 at. % of Co to NiTi further decreases the alloy's martensiand R
phase transition temperatures. From Fig. 3 (b), it is observed that the tempe e
difference between the R-phase and martensite has significantly redu dt

addition of Co has also reduced the peaks corresponding to the R-ph

Moreover, the decrease in the Ms and Mstemperatures of the NT

comparison with the NTCol alloy, as illustrated in Fig. 4 (b).

Similarly, the addition of 3 at. % of Co to NiTi d
further, as indicated in Fig. 3 (c). However,

temperatures caused by increased numb ch lower, as indicated in Fig.

shows the suppressed R-phase du i I in Fig. 3 (c). It implies that

the inclusion of Co suppresses -phase and promotes the formation of the

the variation in th@s a res is lesser in comparison to the Ms and Mg
temperatures. This

r€8aLlt
formation of nN
martensite. More the a

re S

ies that thermal cycling significantly affects the

stenite than the formation of austenite from
ion of Co stabilizes the alloy against the decreased

transitio

4

h increased number of cycles, as shown in Fig. 4 (c).
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Fig. 4 Influence of thermal cycling on transformation temperature
(b) NiTiCo2 and (c) NiTiCo3 SMAs

In a shape memory alloy, the width of thermal h I at f the ease

poses the problem of convolution eaks corresponding to R-phase and martensite
phase. Therefore, in the prese ifference between A, (austenite peak) and
Mp (martensite pe

larger hysteresis W§ indi I energy dissipation during the transformation
[33]. The hysteresj
transforming ph
steresis width and then increases slightly before cycling. In
e of the amount of Co added, with increased number of thermal
width increases, as indicated in Fig. 6. However, formation and
e intermediate R-phase with increased number of cycles affect the

h the changes occur.
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4. Discussions
The observed effects, i.e., reduced transition temperatures and variations in the

thermal hysteresis width, are caused by the solid solution strengthening of NiTi alloy

by the Co addition and the creation of lattice defects, i.e., dislocations, upon thermal



cycling [10]. When the Co atoms substitute for Ni atoms in NiTi alloy, the solution

strengthening of the alloy occurs due to the strain field effect caused by the distortion

of crystal lattice due to the size mismatch between Co (200 pm) and Ni (163 pm)
atoms. These strain fields hinder the motion of the martensitic plates during cooling,
and thereby necessitating additional driving force, i.e., undercooling, to @sfor
from austenite to martensite [28,35]. This leads to reduced transition temperaghites.
The extent of Co addition to the alloy influences the degree of distortion of ry

lattice.
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Fig.¥7 Hardness of NiTiCo SMAs

When g t isincreased, the strength of the alloy increases. This indicates

of the crystal lattice increases with increased Co addition.

2. This observation is supported by the hardness tests conducted on the
NiTiCo SMAs. Generally, an increase in the hardness of an alloy indicates increased
strengthening of the alloy. Referring to Fig. 7, the hardness of the alloy rises with a
raise in Co content. The hardness results are consistent with the observed reduction in

transformation temperatures.



The effect of thermal cycling, i.e., reduction in transition temperatures with increased

number of cycles, is caused by the generation of dislocations [36]. During austenite to

martensite phase transformation, the dislocations, also known as transformation-
induced dislocations, are generated so as to accommodate the strain arising from the
incompatibility of the transforming phases [37,38]. It is a well-known fac‘hat th
dislocations hinder the mobility of the martensitic plates to grow. As a resul@iathe

transformation temperatures decrease [39]. The presence of dislocations in N
I.e., (@) NiTiCol, (b) NiTiCo2 and (c) NiTiCo3, after thermal cycling be in

their TEM micrographs, as illustrated in Fig. 8.

Moreover, the creation and multiplication of dislocations hardgg the

s further due

profiles (Fig. 4). Also, the

ity of dislocations, so that



Fig. 8 TEM micrographs of NiTiCo SMAs: (a) NiTiCol before th
(b) NiTiCo1, (c) NiTiCo2 and (d) NiTiCo3, showing dislocatio

introduced after thermal cyclin

However, the shift in the transformation temper in NiTiCo3 as
ease in Co content
increases the stability of the phase tra

transformation temperatures, as ghown in Fig. 9. T

strength of the alloy, i.e., increase odulus of elasticity, due to the effect of both
solution strengthening (alloy and strain hardening (generation of
dislocations). Geneyally, t I the alloy is considered as an effective
strategy to improve*

Is observed from sion of R-phase occurs with increasing number of

cycles.

Increasin@f( i ses an increase in the Gibbs free energy for the austenite to
thereby suppressing the formation of the R-phase [42].
alloy tends to transform directly to martensite from austenite on

undergoing a double-step transition, i.e., A—R transformation,

no variation in the Rs temperature as the number of thermal cycles increases. This
bservation suggests that the change in the density of dislocation with increased
number of thermal cycles does not affect the R-phase transformation temperatures.

The Rs and Rf temperatures are less sensitive to thermal cycles than martensitic



transformation because it experiences much smaller lattice distortions, with the

maximum strain being ~1% [43].

30 4 B NTCot
282 B NTCo2
EZZINTCo3

st

Difference in transformation temperatures
between 1" and 20" cycle

The presence of h@ disl resIsts the martensite transformation (lattice

distortion) during coqlng. ations with large lattice distortion, such as
austenite-to-marte jon, have a much larger resistance. In contrast,

transformations smal attice distortions, such as the austenite-to-R-phase
esS@ignificant effect [44]. However, the Rs and Rt temperatures of

nfluenced by the Co content of the NiTi matrix and the Ti:Ni ratio

ported similar observations for Ni-rich Ni-Ti SMAs [45]. This
n has a practical significance considering their applications, as the stability
of the couplings and pipe fittings are primarily dependent on the phases present. When
coupler undergoes R-phase transformation upon cooling and heating, the strain

involved in the transformation is restricted to less than 1%. As a result, it becomes




difficult to deform the material at lower temperatures and thereby posing difficulty

during the pipe fitting process.
5. Summary and Conclusions

The effect of Co addition on thermal cycling fatigue behaviour of TisoNiso-xCox SMA

was studied. The alloys were subjected to cyclic phase transformation between thei

transformation temperatures, and the variation in their shape memory characteri

The data will be made available upon reasonable request.
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