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Ageing effects on phase transformations in NiTi alloys
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Abstract. Phase transformation behaviour of Ti-rich and Ni-rich NiTi SMAs subjected to two rounds of heat
treatments are compared. The first group of samples, received as straight-annealed, was subjected to a series of heat
treatments in the temperature range from  WR & GHVLJQDWHG Ln the text as 1st round of heat treatments). A
VHFRQG JURXS RI VDPSOHV ZDV VXEMHFWHG WR D SUHYLRXV DQQHDOLQJ DW & IROORZHG E\ KHDW WUHDtments in the
temperature range from WR& GHVLJQDWHGLQWKHWH[WDVQGURXQGRIKHDWWUHDWPHQWV  Phase transformation
temperatures are determined by electrical resistivity (ER) measurement in the temperature range from -140 to
&It was observed that Ti-ULFK1L7LDOOR\SUHYLRXVO\DQQHDOHGDW&GXULQJWKHVWURXQGRIKHDWWUHDWPHQWV
does not show any change in transformation characteristics after the 2nd round of ageing treatments, whereas, for Nirich NiTi alloy, it was found that there is a difference in the transformation behaviour after the 2nd round of ageing
treatments.

1. Introduction
SMAs are acquiring much demand in various application fields due to their shape recovery and superelastic
properties. There are several alloy systems that exhibit these properties and NiTi alloy system shows such
properties at a higher level. Shape memory effect (SME) is caused by the thermoelastic reversible martensite
phase transformation. In the case of NiTi SMAs, high temperature austenite phase has CsCl crystal structure, low
temperature martensite phase has monoclinic structure and the intermediate phase has rhombohedral structure.
Phase transformation temperatures have been found to depend upon a number of factors ranging from the
chemical composition and preparation techniques to the thermal/mechanical treatments [1-3].
Heat treatment is found to be one of the simplest, most economic and best methods adopted for
manipulating the transformation properties of SMAs. Perhaps, it has the widest reaching and important
ramifications when compared to other stages in the fabrication of shape memory components and structures.
Otsuka et al., adopted a heat-treatment in which they homogenised the Ni50at%-Ti alloy for 1hr at 1000C
followed by furnace cooling so as to eliminate the vacancies and the disorder to some extent [4]. They found that
quenched specimen has almost the same transformation temperatures as the furnace cooled one. Huang and Liu,
have found that the annealing temperature strongly affects the transformation behaviour of superelastic Ti50.85Ni(at%) SMA [5]. It was previously found by that during heat-treatment, Ms and mechanical behaviour of
Ni-rich off-stoichiometric (>50.7at% Ni) NiTi alloys were sensitive to cooling rate, whereas, near-stoichiometric
(50.4 at% Ni) alloys were not [6]. Liu et al., studied the effect of low temperature ageing on the transformation
behaviour in a near equi-atomic NiTi alloy and concluded that the precipitation induced by the ageing treatment
is responsible for the unusual transformation behaviour [7]. It is recently showed that precipitation of Ni4Ti3
particles occurred in a matrix of Ni±rich NiTi SMA, when it was solution annealed at 850C for 15minutes
followed by water quenching and ageing at 400C for 20hrs [8]. Uchil et.al., have studied the effect of heat
treatments on phase transformation temperatures of NiTi alloys of various compositions [2,9]. In a more recent
study, transformation behaviour of different heat treated NiTi and NiTiCr alloys employing quenching and
furnace cooling were investigated [10].
In the present work, Ti-rich and Ni-rich NiTi SMAs were subjected to two rounds of heat treatments
between 200 and &3KDVHWUDQVIRUPDWLRQEHKDYLRXUwas studied by electrical resistivity (ER) measurement
in the temperature range from -130 to +14& The results are discussed in the context of effect of composition
on the ageing process in these alloys.
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2. Experimental procedure
Alloy systems comprising of two compositions, viz., Ni49.5at%-Ti (Ti-rich NiTi) and Ni51.0at%-Ti (Ni-rich
NiTi) in the wire form of diameters 0.636mm and 2.11mm, respectively were obtained from Memory-Metalle
GmbH, Germany. The as-received (AR) wires were straight annealed and having active Af temperatures of 74C
and 35C, respectively. Heat treatments were performed in two rounds. In the first round, the AR wires (in the
condition of straight-annealed) of about 50 mm long were taken and annealed at different temperatures between
200 and 900C for 20 minutes in a muffle furnace and thereafter suddenly quenched to room temperature by
dropping it to a water bath. After the annealing, ER measurements during temperature variation were carried out
by employing four-probe electrical resistivity technique. In the second round, the specimen annealed at 900C
was heat treated at desired temperatures in the range from 200 to 900C for 20 minutes and again the ER
measurements were performed so as to obtain the phase transformation temperatures. Each time, before loading
the sample to the ER equipment, care was taken so as to remove the oxide layer from the wire surface by
subjecting it to chemical etching (10%vol. HF + 45%vol. HNO 3 + 45%vol. H2O) for ensuring proper electrical
contacts.
Temperature variation of ER was carried out using home-made four-probe equipment. Four-probe setup encapsulated in a metal cylinder wound with the heating coil was kept inside the larger outer metal cylinder
containing liquid nitrogen. Cooling rate is controlled by adjusting the level of liquid nitrogen in the outer
cylinder and a lowest temperature of ±130C could be easily obtained. In order to warm and come up to room
temperature, liquid nitrogen is drained from the chamber. To heat from room temperature up to +140C, electric
current in the heating coil was adjusted by making use of the power regulator. Temperature of the specimen was
measured by means of a chromel-alumel thermocouple. For the four-probe set-up, the constant current was
supplied with Agilent System DC power supply (N5748A) and the voltage was interfaced with the PC via
National Instrument circuit board (ASSY183364C-01) associated to the Virtual bench logger interface software.
ER (a.u.) versus Temperature profiles were obtained in order to compare the transformation characteristics of the
samples after heat treatments.

3. Results and discussion
3.1 First round of heat treatments
First round of heat treatment on these alloy systems was found to have a distinct effect on the transformation
characteristics. In Fig. 1(a), while heating, the ER increases continuously until the temperature reaches &2Q
further heating, the rate of increase of ER increases indicating the start of transformation to austenite. Above
& WKH rate of increase of ER decreases, indicating the finish of transformation to austenite. The resulting
transformation sequence is MĺA. :KLOH FRROLQJ IURP WKH DXVWHQLWH SKDVH WKH (5 GHFUHDVHV XQWLO & DQG,
below this temperature, starts increasing gradually, followed by abrupt increase representing the start of
transformation to R-phase. The rate of increase of ER decreases below 50&, representing the finish of
transformation to R-phase )XUWKHU FRROLQJ EHORZ & WKH (5 GHFUHDVHV DEUXSWO\ UHSUHVHQWLQJ WKH VWDUW RI
transformation to martensite and the slope of the curve decreases until the temperature reaches &, indicating
the finish of transformation to PDUWHQVLWH7KLVEHKDYLRXUJLYHVULVHWRWKHµFDS¶VKDSHto the ER curve showing
$ĺ5ĺ0SKDVHWUDQVIRUPDWLRQZKLOHFRROLQJ7KHµFDS¶VKDSHRI(5FXUYHVXJJHVWs the presence of R-phase in
the transformation sequence. This behaviour persists even after ageing at 50& As the ageing temperature is
increased, transformation temperatures also increase. Further heat treating in the temperature range from 520 to
& resulted in R-phase transformation being absent and one-stage phase transformation MļA present both
while heating and cooling. In the case of Ni-rich alloy, AR specimen possesses MļRļA phase transformations
while heating and cooling. However, while cooling M-phase transformation was not complete. By subjecting the
alloy to heat treatment, the transformation temperatures increased and the temperature range of the R-phase µFDS¶
in ER curves gets narrower. For the sample aged DW&while heating, only MĺA phase transformation and,
while cooling, Aĺ5ĺ0SKDVHWUDQVIRUPDWLRQs were observed. Further, annealing at higher temperatures up to
&5-phase transformation was also observed while heating.
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Electrical Resistivity (a.u.)
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Fig.1: ER curves of the Ti-rich NiTi alloys (a-f) in AR and after 1st round HTT conditions at 400, 480, 500, 520
DQG&DQG1L-rich NiTi alloys (g-l) in AR and 1st round HTT conditions at 500, 580, 640, 720 and 9&
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3.2 Second round of heat treatments

Electrical Resistivity (a.u.)

After the second round of heat treatments preceded by the annealing DW&7L-rich and Ni-rich NiTi alloys
show quite different behaviours. Fig. 2 depicts the ER profiles for the Ti-rich samples after the second round of
heat treatments at 400, 500, 700 DQG& It may be noted that only MļA phase transformation behaviour is
observed after heat treating in all the temperatures in the tested range. Intermediate R-phase transformation is
absent. The observed behaviour is similar to that of the Ti-rich NiTi sample annealed DW&, during the first
round, as seen in Fig. 1(f). The transformation temperatures also remain fairly the same.
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Fig.2: ER curves of the Ti-ULFK1L7LDOOR\VSUHYLRXVO\DQQHDOHGDW&IRllowed by 2nd round of heat
WUHDWPHQWVDW D  E  F DQG G &
In Fig. 3, ER curves of the Ni-rich NiTi alloys previously annealed DW&IROORZHGE\QGURXQGof
heat treatments at various temperatures are shown. ER curves for the sample aged DW & VKRZ similar
behaviour to that of after the first annealing DW& as observed in Fig. 1(l). As the heat treatment temperature
(HTT) was increased XQWLO &, Ms decreased and the temperature interval in which the R-phase exists also
gradually increased towards lower temperature. For the samples aged EHWZHHQDQG& the transformation
temperatures remained fairly constant. It is observed that, in the corresponding ER curves of the specimens,
while heating from M-phase, there is a clear R-phase transformation followed by transformation to austenite
phase. While cooling from A-phase, transformation to R-phase took place and R-phase remained stable in a
larger temperature interval before transforming into martensite phase. In the samples aged DERYH & WKH
temperature interval in which the R-phase exists gradually decreased. This decrease is significant for the samples
aged DERYH & XQWLO&. 7KH(5FXUYHV IRUWKH VDPSOHV KHDWWUHDWHGEHWZHHQDQG& show the
presence of R-phase in the narrow temperature interval and this is a similar behaviour to that of after the first
annealing DW& as observed in Fig. 1(l).
3.3 Discussion
As the AR samples are straight annealed ones, subjecting them to heat treatments resulted in an appreciable
variation in the transformation behaviour. There is a clear indication that in each alloy, the HTT has an effect on
the existence of R-phase.
Generally, due to applied stress during straight annealing, high density of lattice defects is generated.
According to Liu et al., the lattice defects and internal stresses can act as negative factors for the movement of
martensitic interfaces [7]. When the cold worked material is annealed at higher temperature, thermally activated
diffusion and annihilation of lattice defects lead to the release of the stored energy. This reduces the stress barrier
for reorientation of lattice planes and promotes martensitic transformation leading to the increase in
transformation temperatures with increasing annealing temperature. Accordingly, in Fig. 1(a-d, g & h) for both
DOOR\VWKHWUDQVIRUPDWLRQWHPSHUDWXUHVDSSHDUWRJUDGXDOO\LQFUHDVHZLWKWKHLQFUHDVLQJ+77XSWR& For
Ti-rich NiTi alloy, the extent of increase in transformation temperatures with the increase in successive HTT is
large up to the HTT of 50&7KLVPD\EHDWWULEXWHGWRWKHPD[LPXPUHOHDVHRIVWUHVVDQGIRUPDWLRQRIVWUDLQ
free crystals in the matrix due to recrystalisation. The steady increase in transformation temperatures for the
samples heat treated above 50& may be associated to the growth of recrystallised grains. Also, the absence of
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Electrical Resistivity (a.u.)

R-phase for the samples heat treated in the temperature range from WR&, as seen from the absence of
µcap¶ in the ER profiles of Fig. 1(e & f), suggests that there is a considerable decrease of the density of the lattice
defects. In the case of Ni-rich NiTi alloy, annealed at a temperature DERYH& the ER curves in Fig. 1(i-l)
show certain fluctuations in the variation of transformation temperatures. These fluctuations may be attributed to
the competing mechanisms, such as release of lattice strain, formation of nucleation sites and precipitation
process, vying to dominate over each other. The nucleation sites generated may facilitate the recrystalisation
process. Thus, the matrix comprises a dispersion of nucleation sites and clusters of growing strain free micro
crystallites. The inter-crystalline regions are in a disordered state and acquire a driving force from annealing
process to transform itself into the ordered state [11]. As the starting samples were straight annealed, some preexisting precipitates in the lattice may persist even after ageing at &, apart from some fresh precipitation
taking place during this treatment.
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Fig.3: ER curves of the Ni-rich NiTi alloys SUHYLRXVO\DQQHDOHGDW&IROORZHGE\QGURXQGRIKHDW
treatments at (a) 2 E  F  G  H  I  J DQG K &
7KHSUHVHQFHRIDµFDS¶LQWKHKHDWLQJSDUWRIWKH(5SURILOHVRI)LJ1(g-l) of Ni-rich NiTi alloy may be
attributed to the presence of intermediate R-phase. In these alloys, the pre-existing precipitates, introduced due to
straight annealing and defects introduced due to cold working, may be sufficient for promoting and sustaining RSKDVH 7KH GHFUHDVH LQ KHLJKW DQG ZLGWK RI WKH WHPSHUDWXUH UDQJH RI WKH µFDS¶ LV DQ LQGLFDWLRQ WKDW Whe
precipitates get decomposed as the HTT is increased. According to Nishida et al., precipitates of either the
metastable Ni3Ti2 or of the stable Ni37LDUHIRXQGLQ%SKDVHIRUWKH+77DERYH&>@7KLVDFFRXQWVIRU
the presence of R-phase, even though decaying, ZKHQWKHVSHFLPHQVDUHDQQHDOHGDERYH&
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ER profiles corresponding to the Ti-rich NiTi alloys in Fig.2, after the second round of heat treatment
VKRZVWKDWWKHVDPSOHVSUHYLRXVO\VXEMHFWHGWRKHDWWUHDWPHQWDW&XQGHUJRDQLUUHYHUVLEOe thermal process.
Therefore, the following heat treatments do not influence the transformation characteristics. In the case of Nirich NiTi alloy, irrespective of the previous thermal treatments, heat treatments in the temperature range from
300 to &, as observed in Fig. 3(c-f), lead to the presence of R-phase in a significant temperature interval.
This effect is mainly attributed to the precipitation of Ni4Ti3 taking place when the alloy is aged in the above
mentioned temperature range [12]. Although Ni4Ti3 is considered as a metastable phase compared to the
equilibrium Ni3Ti precipitate, it is quite stable at temperature below &DQG, under normal ageing condition,
only Ni4Ti3 is observed [13]. It is also important to note that in the present study the heat treatment time is
20min., which is suitable for the stability of Ni4Ti3 precipitates. This precipitate may be responsible in preventing
$ĺ0WUDQVIRUPDWLRQDQGDOVRDFWLQJDVQXFOHDWLRQFHQWUes for the formation of R-phase [14].

4. Conclusion
In both Ti-rich and Ni-rich NiTi alloys, ER profiles show that there is a clear indication that the HTT has an
effect on the existence of R-phase. In the 1st round of heat treatment, the transformation temperatures appear to
gradually increase with increasiQJ+77XSWR& For Ti-rich alloy, the rate of increase in the transformation
WHPSHUDWXUHV ZLWK WKH LQFUHDVH LQ VXFFHVVLYH +77 LV ODUJH XS WR WKH +77 RI & DQG stabilises for the
VSHFLPHQVKHDWWUHDWHGDERYH&
In the case of Ni-rich alloy, annealed at WHPSHUDWXUHV DERYH & WKH (5 FXUYHV VKRZ FHUWDLQ
fluctuations in the variation of transformation temperatures. )RUWKH+77VDERYH&, decay of the R-phase
transformation is observed.
After the 2nd round of heat treatments preceded by the annealing DW & 7L-rich and Ni-rich NiTi
alloys show different behaviours. ER profiles for the Ti-rich samples only show MļA phase transformations
after heat treating at all the temperatures in the tested range. Intermediate R-phase transformation is absent. The
observed behaviour is similar to that of the Ti-ULFK1L7LVDPSOHKHDWWUHDWHGDW&GXULQJWKHILUVWURXQG.
ER curves of the Ni-rich NiTi alloys after the 2nd round of heat treatments (previous annealing at
&  show that WKH VDPSOH KHDW WUHDWHG DW & exhibits a similar behaviour to that of after the 1st heat
WUHDWPHQWDW&Heat treatment in the temperatXUHUDQJHIURPWR&SURPRWHVWKHHIIHFWRI ageing,
leading to the presence of R-phase transformation, both while heating and cooling. The ER curves for the
VDPSOHVKHDWWUHDWHGEHWZHHQDQG&VKRZWKHSUHVHQFHRI5-phase in a narrow temperature interval.
This is a similar behaviour to that after the1st KHDWWUHDWPHQWDW&
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