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The cooling rate of near-stoichiometric NiTi after annealing at 500~ is shown to have 
dramatic effects on the transformation thermodynamics. The slower the rate of cooling, the 
higher the transformation temperatures with less rhombohedral phase (R-phase) observed in 
room-temperature X-ray diffraction spectra. Given thafthis effect is due to the amount of time 
spent at intermediate temperatures, i.e an ageing effect, calorimetric analysis of specimens 
aged at 400 or 450~ revealed progressively higher transformation temperatures and latent 
heats with ageing. These observations are associated with the evolution of a secondary first- 
order transformation to the R-phase. Analysis of stress-strain data of near-stoichiometric NiTi 
helices, water quenched from its secondary anneal at 500 ~ C, indicated that a Carnot efficiency 
of 16% can be expected, compared with 13.5% for the same material when furnace cooled. 

1. I n t r o d u c t i o n  
An important practical consideration when employ- 
ing shape memory effect (SME) alloys as working 
elements in heat engines or as thermal sensors is 
reproducibility of the shape memory behaviour. In the 
case of the intermetallic compound NiTi, for example, 
it is known that the appearance of a rhombohedral 
(R) phase is accompanied by lowering of the SME 
transformation temperature. In its simplest manifes- 
tation, SME behaviour owes its origin to the fact that, 
below the transformation temperature, the alloy is of 
low crystal symmetry and can be easily plastically 
deformed by way of growth of some pseudo-twin orien- 
tations at the expense of others. To transform mar- 
tensitically to its higher symmetry high-temperature 
(B2) crystal structure, the distribution of individuals 
atoms and hence of different pseudo-twin orientations 
must first be returned to that which existed before 
plastic deformation. That is, growth of the twins 
which grew is reversed and the plastic strain accom- 
modated by twin growth is recovered. In NiTi the 
complication of a low symmetry phase (R) other than 
the truly martensitic (B 19) phase introduces the possi- 
bility of SME behaviour associated with transfor- 
mation between each low-temperature phase and the 
high-temperature phase and even, if it occurs, with 
transformation between the low-temperature phases 
themselves. Bearing in mind that the so-called SME 
transformation actually involves four transformation 
temperatures, i.e. A s, Af, Ms and Mr, it is evident that 
as many as twelve characteristic temperatures may be 
involved in the SME transformation of NiTi. 

The transformation temperature range is strongly 
affected by the concentration of nickel present [1]. 
Non-chemical factors which also affect it are the 
degree of order [2], ageing effects such as precipitation 
of different phase material [3], and the introduction 
of dislocations through cold-working, incomplete 
transformations [4] and thermal cycling through the 
transformation [5]. 

To observe the R-phase in stoichiometric NiTi it is 
necessary to lower the martensite transformation tem- 
perature so that the two transformations do not over- 
lap in temperature. Factors which allow this to occur 
are increasing nickel content [6], annealing at 400~ 
after cold working [7] and thermal cycling [5]. As these 
factors are similar to those reported above, the 
R-phase itself may have an influence on SME 
behaviour. 

Precipitation does not occur in stoichiometric NiTi 
[8], but has been observed in alloys with an excess of 
nickel as low as 50.6%. In these off-stoichiometric 
alloys, ageing effects become important. Suburi et al. 
[3] found that nickel-rich NiTi (Ni > 50.7 at %) was 
sensitive to heat treatment, in that ,Mth ageing at 
temperatures below 500~ all transformation tem- 
peratures increased. This is due to the creation of fine 
precipitates by ageing. The effect of precipitation of 
a nickel-rich phase on ageing causes enrichment of 
titanium in the matrix phase, raising the transfor- 
mation temperature. In the matrix phase surrounding 
the precipitates, 1/3(1 1 0) reflections associated with 
the R-phase were observed. No ageing effects were 
observed in 50.1 at % Ni-Ti. 
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Figure I X-ray diffraction spectra for a sample at 
various cooling rates. The shaded peaks are attri- 
buted to the B 19 phase. The intensity of the R-phase 
reflections at room temperature are seen to increase 
with cooling rate. 

Annealing of NiTi at 500~ has been reported 
to produce excellent shape memory characteristics. 
Miyazaki et al. [7] noted that ageing at 400~ after a 
solution heat treatment at 1000~ C o f a  50.6 at % Ni-Ti 
alloy produced excellent pseudo-elastic behaviour. 
They also noted improved pseudo-elastic character- 
istics and increased transformation temperatures in 
slowly cooled specimens, They considered this to be 
due to fine precipitates formed by an ageing at 400 ~ C 
which increase the flow stress for slip. In 49.8 and 
50.1 at % Ni-Ti  undergoing similar heat treatments, 
no ageing effects were observed. However, in speci- 
mens cold-worked and then annealed at 400 ~ C for 1 h, 
the lowering of Ms was observed. 

49 .8a t% Ni-Ti  was found to be susceptible to 
thermal cycling for aged specimens (400 ~ C, 1 h) while 
in Ni > 50.6at %-Ti ,  this was not observed [5]. By 
annealing at 400~ after cold-work, thermal cycling 
effects such as the lowering of Ms and Mr and an 
increase in (Ms - Mr) were not observed, suggesting 
that either thermally stabilized dislocations retard this 
effect or that the dislocation density after cold work is 
sufficiently high that thermal cycling has a negligible 
effect. The recrystallization temperature is > 400~ 
[8], hence dislocations are not annealed out. TEM 
analysis reveals dislocations created with every ther- 
mal cycle, as well as R-phase diffraction spots. With 
increasing dislocation density, Ms decreases and the 
R-phase temperature remains the same for 49.8 at % 
Ni-Ti. Diffraction spots are observed to be sharper in 
49.8 at % Ni-Ti  alloys after a 400~ anneal [9], indi- 
cating that the effect may be to reorder the dislocation 
structure and rearrange their positions to relieve 
stress. 

The purpose of the present work was to investigate 
the effects on SME performance of ageing effects 
attributable to R-phase in NiTi and to investigate the 
physics of  these effects. 

2. Sample preparation 
NiTi, i.7 mm diameter, was manufactured by Impe- 
rial Metals Industries (Kynoch) by a series of hot rolls 
at 900~ to reduce the wire to 5 mm diameter. After 
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descaling and pickling to remove surface defects, the 
wire was reduced to 1.5 mm by a series of cold-swages 
followed by annealing at 900~ and descaling and 
pickling. It was then wound on to a mandril and held 
wound at 650~ for 5min in order to change the 
preferred cold shape to that of a helical spring suitable 
for axial deformation tests. Electron microprobe 
analysis gave the composition as 49.9 at % Ni-Ti. No 
elemental impurities larger than sodium were detected; 
however, elements lighter than sodium are not 
detectable by this method. 

The helix was of 1.75 cm diameter with a wire diam- 
eter of 1.70ram, with turns 0.85cm apart, giving a 
helix angle of 15.0 ~ . Annealing times and tempera- 
tures were 60 + 5min at 510 + 10 ~ The spring 
was packed in alumina powder during the anneal and 
either remained packed during air cooling or furnace 
cooling or removed and quenched into 10~ water. A 
range of several orders of magnitude in cooling rate 
was thereby achieved. 

Samples for DSC analysis were spark cut from the 
helix and were polished to 1.0/~m, followed by elec- 
tropolishing in a 5% H2SO4, 95% methanol solution 
(by volume) and finally a chemical etch in 10% HF, 
40% HNO3 and 50% H 2 0  by volume. Annealing 
occurred in situ in the calorimeter. 

3. Crystallographic evidence of a 
rhombohedral phase 

In Fig. 1 are shown the CuK~ X-ray diffraction 
patterns from a polished section of a helix of poly- 
crystalline NiTi taken at three different cooling rates. 
The twin peaks at 0.212 and 0.214nm, seen in the 
air-cooled and quenched cases, are not associated in 
either B2 or B19 lattices and are attributed to (1 l 0) 
lattice plan reflections from a rhombohedral lattice. 
This R-phase diffraction was also observed by Ling 
and Kaplow [10]. The rhombohedron must clearly be 
distorted because there are two peaks which then 
coincide with two different face diagonals. 

The samples were heated to 500 ~ C and then cooled 
to room temperature for X-ray diffraction studies. 
When normalized to the intensity of a B19 peak, the 
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Figure 2 Typical pseudoelastic stress-strain curves for a furnace-cooled NiTi spring. The arrows indicate the Ms(~rc) and Af(crr temperatures. 
The number at the top of the loops denote the isothermal bath temperature (~ C). 

ratio of R/B19 is seen to be clearly dependent on 
cooling rate. The cooling rate from a second anneal at 
500~ influences the transformation temperatures of 
stoichiometric NiTi; the faster the rate of cooling the 
lower the transformation temperatures. This phenom- 
enon is reversible, i.e. it is solely influenced by the 
cooling rate from the last 500 ~ C anneal. The relation- 
ship between R/B19 and cooling rate can be ascribed 
to the temperature at which the X-ray data were 
recorded. From Fig. 1, it is evident that only in the 
slow-cooled case is the transformation complete, 
hence no R-phase is observed. As the cooling rate 
increases, the transformation to martensite becomes 
less complete and it is here that the R-phase becomes 
a prominent feature of the diffraction spectrum. The 
fast-cooled case shows more R-phase than the 
medium-cooled case. 

The influence of cooling rates on transformation 
temperatures provides a means whereby Carnot effic- 
iencies of SME devices might be influenced. Stress- 
strain data of NiTi helices cooled from a 500 ~ C anneal 
by water quenching, air cooling and furnace cooling 
were analysed and estimates made for the Carnot 
efficiency. 

4. T e n s i l e  t e s t  r e s u l t s  
Tensile tests on the spring were carried out using an 
Instron Model 1195 tensometer. The specimen was 
gripped at each end by stainless steel cable secured 
twice to the outer coils and was further secured by 
epoxy adhesive. 

The sample was heated in a water bath contained 
in a 2 litre water-tight can mounted in the tensom- 
eter. Frequent stirrings ensured a reasonably even 
temperature throughout. Ten loading-unloading ten- 
sile tests were performed at different temperatures 
to determine the variation of Ms and Ar with 
temperature. 

A sequence of stress-strain curves is shown in Fig. 2. 
The initial slope is the Young's modulus of the bulk 
austenitic (B2) phase, the gradual shift to a new 

straight line being due to the formation of the stress- 
induced martensite. In single crystal specimens the 
transformation is more abrupt; in polycrystalline 
specimens the stress-strain curve represents an 
average of the transformation curves for all the grains 
in the specimen, hence a gradual transformation. 
Similarly on unloading, the change in slope is due to 
the retransformation of stress-induced martensite 
back to austenite. Timoshenko [11] analysed the dis- 
tribution in torsional stress in a cross-section of the 
wire of a helix when subjected to axial loading. The 
maximum stress the wire experiences is given by 

am~x = 16FR(1 + sin oO/Tzd 3 (1) 

where F is the axial load, R is the mean radius of the 
spring, d is the diameter of the wire and ~ is the pitch 
angle of the spring. The. regions subjected to maxi- 
mum stress are the first to transform, and the maxi- 
mum stress can be easily determined as where the 
load-extension curve first deviates from the straight 
line defined by the initial elastic behaviour of the 
austenite in either the loading or unloading case. 

The temperature of the bath was determined using 
a mercury thermometer held adjacent to the spring. 
Readings were noted at three points; the beginning, 
the end and the midpoint of the loading cycle. The 
temperature at the M~ and Af point was determined by 
linear interpolation. 

The critical stress (ac) required to induce a marten- 
sitic transformation, was measured to determine the 
Carnot efficiencies for the various cooling rates. At 
temperatures greater than 70~ the spring was 
loaded until the yield point was detected. The increase 
of the width in hysteresis loop compared with those 
for less loaded high-temperature curves confirms that 
plastic deformation had taken place. The stress at 
which the yield point occurred (O'max) was  calculated 
using Equation 1. It was observed that ac was not 
significantly affected by differing cooling rates. 

The transformation temperatures Ms and Ar are 
plotted against stress for the three cooling cases in 
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Figure 3 M S and Ar temperature dependence on critical stress (ac) 
for three cooling rates from a 500~ anneal. The left-hand line 
describes B2 ~ B19 transformation with stress, the right-hand line 
describes the reverse transformation. (a) Furnace cooled: M S = 
1.49 x 10-Tac + 24 .6~ = 1.08 x 10-Tac + 39.6~ (b) 
Air cooled: M~ = 1.47 • 10-7ac + 13.9~ and Af = 1.22 x 
10-Tat + 26.9~ (c) Quenched: M s = 1.53 • 10-7ac + 12.3~ 
and A r = 1.60 x 10-Tat + 29.0~ 

Figs 3a to c. The equation relating transformation 
temperature to stress is of the form 

Ms = (dMs/dac)ac + Ms(ac = O) (2) 

o r  

Af  = (dAddar  + Af(o'c = O) 

A least squares analysis of the data gave the following 
straight lines. 

Furnace cooled 

Ms = 1.49 ___ 0.07 x 10-Tac + 23.7 • 0.14~ 

Af = 1.07 • 0.03 x 10-Tat + 39.4 _+ 0.6~ 

(3) 

Air cooled 

Ms = 1.47 • 0.05 X 10-70"c + 13.8 • 1.0~ 

Af = 1.22 • 0.11 x 10-7a~ + 26.7 i 2.2~ 

Quenched 

Ms = 1.53 • 0.06 x 10-7ac + 12.2 i 1.2~ 

Af = 1.60 i 0.06 x 10-70-c + 26.8 i 0.6~ 

The Carnot efficiency of  SME alloy heat engines is [12] 

Mr(a ~ O) 
t/c = 1 -  (4) 

Ar(a ~ O) + amax(dAf/dac) 

where Ms(a -* O) and Ar(a ~ O) refer to the trans- 

formation temperatures as stress vanishes, O'ma x is the 
maximum stress which can be applied before plastic 
deformation and dAf/dac is the gradient of Ar with 
critical stress (at). The Carnot efficiencies for the three 
cooling rates are calculated using Equation 4 

Furnace cooled t/c = 0.136 + 0.012 (5a) 

Air cooled r/c = 0.149 • 0.022 (5b) 

Quenched r/c = 0.164 • 0.014 (5c) 

It is also likely that the thermal efficiency of NiTi 
heat engines will increase with increased cooling rate 
of the NiTi working substance from a high- 
temperature anneal. This can be seen in Figs 3a to c. 
The quenched cooling rate gives rise to an increased 
hysteresis as the Af-a~ line becomes progressively 
more parallel to the Ms-at line. It is interesting that 
dMJda c does not change with cooling rate within 
experimental error. 

5. Ageing effects 
In order to establish why the thermodynamic data 
change with cooling rate, ageing experiments at 400 
and 450~ were performed with small samples of the 
spring which were mechanically cut and annealed at 
500 ~ C for 1 h followed by quenching. A Perkin-Elmer 
differential scanning calorimeter (DSC-2) was used to 
measure the transformation temperatures and latent 
heats. The specimens could be heated to test tem- 
perature in about 1.5 min and could be cooled at a 
controlled rate of up to 320 ~ C rain- 1. As the DSC had 
no sub-ambient temperature control, controlled cool- 
ing could only be obtained down to 25 ~ C. The sam- 
ples were removed at room temperature and placed in 
a freezer at - 5 ~ C to ensure a "complete" martensitic 
transformation. From observing the shape restoration 
of deformed helices in a thermal cycling rig, rapidly 
cooled NiTi began shape restoration at 4 ~ C, and in 
slowly cooled NiTi at 43 ~ C. Latent heat experiments 
at 5~ -I for heating and 2.5~ l for cooling 
were performed. To calibrate the latent heat measure- 
ments, the melting of an indium standard sample was 
measured. 

Characteristic latent heat curves for first-order 
transformations are roughly "saw-toothed" in profile. 
As is determined from the start of the slope of the 
saw-tooth, and Ar is measured from where the peak is 
at a maximum. The measurement of the latent heat of 
the transformation is taken as the area contained 
under the curve and above the baseline. An initial 
starting transient is observed when heating or cooling 
commences; the height of  the transient from an iso- 
thermal baseline is a measure of the specific heat of the 
sample. These transients are included with the latent 
heat curves obtained during heating as shown in 
Figs 4 and 5. 

As ageing time increases at 400~ (Fig. 4), the 
temperature for the martensite-austenite transition 
increases. Also, a small latent heat peak occurs at a 
slightly lower temperature, which is more evident with 
increased ageing. At low annealing times the peaks 
display a small amount of  asymmetry, which increases 
at intermediate annealing times. As the "pre-austentic" 
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peak diverges, the major austenitic peak becomes 
narrower. 

Annealing at 450 ~ C reveals dramatic trends (Fig. 5). 
Initially the austenitic latent heat peak was broad but 
after 5 min at temperature, it narrowed considerably. 
The large austenitic peak maintains a reasonably con- 
stant profile once ageing begins. Increasing ageing 
reveals a concomitant increase in A S and Af. A small 
additional latent heat peak is observed after ageing 
between 5 and 20 rain. The area of  the small peak as 
well as the temperature at which it occurs (designated 
R) is seen to increase with ageing. This peak also 
broadens with ageing. 

Cooling produced the curves shown in Fig. 6. A 
small secondary peak is also observed on the main 
peak, which maintains its position with respect to the 
major peak during ageing. It probably originates from 
a less stressed region of  the sample that would then 
transform at a lower temperature. The exothermic 
peak increases in magnitude as does the temperature 
at which it starts with ageing. 

The secondary latent heat peaks obscure some As 
values (Fig. 4), and do not follow the same ageing 
behaviour as the main B I9 --* B2 peak. The tem- 
perature of  the secondary peak was determined as the 

maximum deviation from the major peak slope. The 
transition temperature for this peak varies with ageing 
and could be linearly extrapolated to the finishing 
temperature of  the small latent heat peaks. It is 
reasonable to assume that the secondary peaks are due 
to this second transformation. 

The transformation temperature for the two anneal- 
ing temperatures are plotted in Figs 7 and 8. Both As 
and Af are non-linear with ageing time at 450 or 
400 ~ C. The small secondary peak follows a different 
linear curve at 450 ~ C suggesting that this peak is not 
martensitic in nature. 

6.  T e m p e r a t u r e  c y c l i n g  e x p e r i m e n t s  
Temperature cycling experiments on material aged at 
450~ for long times also reveal remarkable proper- 
ties. Fig. 9 shows the results of a heating -~ cooling 
heat ing-~ cooling cycle performed on a specimen 
aged for 1083 min. The specimen was initially cooled 
in a freezer to - 5 ~  so that the martensitic trans- 
formation was complete and then heated in the DSC, 
producing the endotherm as seen in Fig. 9a. Subse- 
quent cooling produced the exotherm (Fig. 9b) from 
which it was judged that the transformation had been 
completed. Heating from this temperature produces a 
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Figure 7 Transformation temperatures plotted against ageing time 
at 450 ~ C. Both As, Ar are nonlinear. Rf is linear with heating. The 
B2 ~ R transformation is also affected by ageing. B refers to a 
small peak which is seen on the large exothermic peak. It is con- 
sidered to be due to a region where R transforms at a different 
temperature, but has the same ageing characteristics. 

large endothermic peak at about 5~ above the tem- 
perature of exothermic reaction (Fig. 9c), as well as a 
small peak where the B19--* B2 transformation 
occurs. Cooling again, Fig. 9d, shows the same 
behaviour as in Fig. 9b, indicating that the reaction is 
reversible. This experiment was repeated for three 
different annealing times and showed similar behaviour 
each time. 

These observations support the notion that the cool- 
ing peaks and the small endothermic peaks observed 
on heating are associated with the R-phase. Transfor- 
mation to and from the R-phase reveals a hysteresis of 
approximately 5~ The R ~ B2 transformation 
occurs at higher temperatures with ageing. There is 
also an ageing effect on the temperature of the reverse 
transformation, B2 ~ R (Fig. 7). The latent heats 
involved during heating and cooling are different, as 
expected, because in one case, R ~ B2 and in the 
other case R ~ B19. The small latent heat bump 
observed at Af in Fig. 9c is attributed to a small 
fraction of B19 formed during the cooling stage. 

7. La tent  heat  m e a s u r e m e n t s  
The endothermic latent heats for the two annealing 
temperatures are shown plotted against the logarithm 
of annealing time in Figs 10 and 11. In both cases the 
measured latent heats of the austenite to martensite 
transformation are reasonably constant with ageing, 
which indicates that there is no change in the volume 
fraction of material transforming martensitically. The 
intial latent heat values are somewhat different, which 
may be attributable to a defective volume fraction not 
having been annealed out before testing. It would 
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Figure 8 Transformation temperatures plotted against ageing time 
at 400 ~ C. The A s curve has a kink in it which may be due to the 
formation of  the R-phase. 

appear that the secondary peak corresponds to a non- 
martensitic transformation which does not affect the 
austenitic transformation. 

The endothermic latent heat measurements at 
400~ (Fig. 10) show that the latent heat increases 
with ageing. This is not the case at 450~ where the 
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Figure 9 DSC scans. (a) Heating from a fully completed martensitJc 
reaction produces a latent heat for B19 --, R and B19 ---, B2. (b) 
Cooling produces a large exothermic peak. (c) Subsequent reheating 
produces peaks corresponding to Bl9 --* R at a different tem- 
perature. The peak for B19 --, R remains at the same temperature, 
though diminished. (d) Cooling again produces the same exotherm 
as in (b), indicating that this peak is B2 --* R. 

Figure 10 Variation with ageing times at 450~ of  latent heat 
measurements  of  the various transformations present. The latent 
heat for B + B19 --* B2 transformation remains constant  after 
20rain suggesting that the R increase cannot  be due to material 
t ransformation to R without transforming to B2. 

heat evolved is constant throughout the annealing 
time range (Fig. 11). An increasing latent heat indi- 
cates more material is transforming as ageing con- 
tinues, which is not in character with a martensitic 
transformation. Presumably the lack of  dependence of 
latent heat on ageing at 450~ indicates that all the 
material that could transform has done so after 50 rain 
ageing. 

A final experiment was performed on the specimen 
aged at 400 ~ C. After a latent heat trace was obtained 
(Fig. 12a), it was placed in a furnace at 510~ for I h 
and then furnace-cooled. DSC analysis shows one 
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Figure l l  Endothermic latent heat of  the peak observed with ageing 
at 400 ~ C. The increase in value is attributed to the formation of  R 
at longer annealing times, 
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Figure 12 Influence of 500 ~ C heat treatment on ageing effects. (a) 
Endotherm for specimen given 13 h anneal at 400 ~ C. (b) Same as 
specimen (a) after a 500~ anneal plus furnace cooling. (c) Endo- 
therm for a similar sample after 500 ~ C anneal plus furnace cooling. 
500 ~ C heat treatment nullifies the ageing effects seen after 400 and 
450 ~ C anneals. 

broad peak at 323 K (Fig. 12b), indicating that what- 
ever is responsible for these two effects, it is destroyed 
"by ageing at 500~ for 60min. The cooling curve of 
the furnace is such that the dwell time at 450~ is 
20 rain and at 400 ~ C it is 1 h. Another sample was cut 
from the same spring and subjected to the same con- 
ditions as the annealed spring (Fig. 12c). Although 
broader i n  peak width, the transformation tem- 
peratures were the same. Neither sample exhibited 
an increase in transformation temperature after the 
anneal at 500~ indicating that both effects must 
be related to a mechanism(s) which is destroyed at 
temperatures above approximately 500 ~ C. 

8. Discussion 
It has been demonstrated that ageing at 400 and 
450~ results in: 

(a) separation and enhancement of a second trans- 
formation whereas after an anneal at 500 ~ C followed 
by quenching, this transformation is not observed on 
heating; 

(b) the increase in latent heats with ageing at 
400~ suggests that an increasing volume of crystal 
undergoes this second transformation; 

(c) increasing austenitic transformation temperatures 
is observed with continued ageing. 

(d) The martensitic (B19 ~ B2) transformation 
follows a different type of temperature-time behaviour 
than does the secondary transformation. 

What is the nature of this secondary peak and what 
is the physical cause of the ageing effects? Referring, 
first to the pseudo-elasticity behaviour and efficiencies 
discussed, the slower the cooling rate and the longer 
the ageing time at 450 and 400 ~ the higher the 
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transformation temperatures and the larger the 
amount of material transforming to the intermediate 
R-phase. 

It is interesting that in the cooling experiments the 
dMs/dao values were not affected by cooling rate, 
whereas the dAr/dao are. This results in an increased 
hysteresis at high cooling rates. The dMs/dac values 
for three different cooling rates can be explained as a 
difference in pre-stresses in the crystal, so that the 
dMs/da~ values are translated up or down in tem- 
perature without a change in slope. This is not true for 
dAr/dac where a change in slope as well as a change in 
pre-stressing occurs. 

The secondary transformation observed on heating 
is probably R --* B2 as this process has an entirely 
different behaviour to the B2 --* B19 transformations. 
Goo and Sinclair [3] point out that the R-phase is not 
a premartensitic precursor but an entirely separate 
transformation. Separation of the R-phase from the 
martensitic transformations is also consistent with 
annealing after cold work. What makes these obser- 
vations interesting is that R --* B2 has been observed, 
which has not been reported previously. 

Assuming that the increase in A~, Ar and R with 
ageing are due to stress by some mechanism, it is 
interesting that the R --* B2 transformation is stress- 
dependent. A Clapeyron relationship has been 
measured for R ~ B19 [9] which shows a steeper 
slope than for B2 --* B19. There is a slight volume 
increase which makes this transformation stress- 
dependent. 

We have also observed a complete cycle of 
R-**- -B2 (Figs. 9b, c). Ling and Kaplow [10] 
�9 reported that in two-way memory NiTi, the R-phase 
was observed to contribute by as much as one-third to 
the overall shape-change of the specimen on cooling. 
Computer simulations of the R-phase formation by 
Jardine [14] based upon lattice displacement wave 
observations by Sinclair and co-worker [15-17] show 
that the B2 --. R transformation does comply with the 
perfect SME criterion that "one principal stress be 
equal to zero". This raises the interesting possibility of 
cycling the NiTi so that only the R-phase formation 
occurred, thus giving the advantage of perfect shape- 
memory, but with the disadvantage of a much reduced 
thermal efficiency. 

The microstructure of the specimens was examined 
to see if ageing had affected the gross features of the 
system. A comparison of optical micrographs taken of 
a sample annealed at 500~ and quenched compared 
to one annealed at 450~ for 1 h and then slowly 
cooled showed no discernable differences. None was 
expected, as the recrystallization temperature is 
650 ~ C. Nishida et al. [8] have also observed no change 
in microstructure between quenched and furnace- 
cooled Ni-Ti from an anneal at 1000 ~ C. Further, no 
secondary phase appears. 

The increase in overall transformation cannot be 
due to precipitation as the near-stoichiometric com- 
position of the alloy rules out the precipitation of 
nickel- or titanium-rich precipitates. 

A systematic error in the experiment, such as 
incomplete transformations generating dislocations, is 



a possibility. However, the recrystallization tem- 
perature is far greater than 500 ~ C so that dislocations 
created by incomplete cycling should not be lost, and 
so at 500 ~ C the ageing effect should continue. The role 
of dislocations introduced to a far larger extent by 
cold-working in the creation of the helix, or a possible 
ordering transformation, or both, must be considered. 

The behaviour of the amount of R-phase with age- 
ing temperature is similar to an order-disorder trans- 
formation occurring near 450 ~ C. It is clear that ageing 
at 450~ is more effective than at 400 ~ C, whereas at 
500~ the R-phase enhancement disappears. 

Wang and Buehler [18] have reported an order- 
disorder transformation in NiTi occurring between 
650 and 700 ~ C when a disordered b c c structure trans- 
forms to a complex CsCl-type B2 structure. The effect 
of atomic order on martensitic transformations has 
been the subject of considerable study (Ling and Owen 
[19]), although there have been no reported ordering 
studies on NiTi. Studies of Fe3Pt and CuA1Ni show 
that increased ordering of lattice sites promotes higher 
transformation temperatures. It is reasonable to 
expect that ordering produces similar effects in NiTi. 

A DSC scan was taken between 200 and 500 ~ C and 
no latent heat anomalies were observed, thus indicat- 
ing that either the transformation is not first order or 
that ordering involves a small number of components 
so that the latent heat is not resolvable. The order- 
disorder transformation occurring near 400~ could 
involve ordering of impurities and/or vacancies in the 
structures. As an example of this, Moine et al. [20] 
found that, in thin foils of Ti-50,5 at % Ni heated in 
an electron microscope in situ, odd surface effects in 
the thin foil were observed and the martensitic trans- 
formation was suppresed below -198 ~ C, unlike in 
bulk specimens which did transform at higher tem- 
peratures. They considered that this was possibly due 
to contamination of the thin foil with oxygen atoms 
during annealing coupled with a possible ordering of 
the interstitial oxygen atoms or vacancies within the 
specimen. 

Dislocations introduced by cold-working must be a 
part of the effect, as the straight wire showed no 
ageing effects. However, annealing at 500 ~ C removes 
this effect, but does not remove any dislocations. The 
mobility of dislocations around defects and how they 
redistribute themselves to accommodate stress may be 
important. Creation of dislocations on annealing at 
400~ after cold-work in 49.8at% Ni-Ti and 
50.6 at % Ni-Ti has been observed [9]. Sharp diffrac- 
tion spots were seen after ageing, ascribed to the 
rearrangement of dislocations to relieve strains. At 
500 ~ C, the dislocations may be sufficiently mobile to 
leave the nucleation sites and so the effect is lost. 

9. Conclusions 
l. The enhanced pseudo-elastic characteristics 

for near-stoichiometric Specimens annealed at 500~ 
are attributed to the formation of rhombohedral 
distortions which enhance the transformation. 

2. Ageing at 450~ promotes more material trans- 
forming to the R-phase with no change in amount of 
material transforming martensitically. This is expected 
to enhance the SME by providing additional latent 
heat and shape recovery characteristics. 

3. It should be possible to exploit R-phase trans- 
formation to generate perfect shape memory albeit 
with loss of Carnot efficiency and thermal efficiency. 
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