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Abstract

This study investigated the effect of ageing on mechanical behaviour of a Ti–50.9 at.% Ni alloy. The findings enable the construction
of a deformation diagram of stress-induced martensitic transformations, depicting the regions and limitations of pseudoelasticity and the
shape memory effect of this alloy. It was found that the alloy exhibits pseudoelasticity within a certain temperature and stress window.
This window narrows with increasing ageing temperature between 673 and 833 K, with the sample aged at 673 K for 3.6 ks exhibiting the
maximum temperature window of �40 K for pseudoelasticity. This diagram enables the design of ageing treatment for different thermo-
mechanical behaviour of the alloy. The experimental evidence also indicates that the mechanically induced transformation sequence is
different from the thermally induced transformation sequence, implying that the mechanical behaviour of the alloy cannot be predicted
from the knowledge of the thermally induced transformations based on the Clausius–Clapeyron correlation between stress and temper-
ature. This study is a sequel to a previous work published in Acta Materialia (2008;56:736). The experimental evidence and the discus-
sions presented in this work are complex. Reading the two articles together is strongly recommended.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Owing to their unique ability to produce a large defor-
mation, restore the original shape and perform mechanical
work in response to temperature variations [2–7], near-
equiatomic NiTi alloys have been widely used in a variety
applications, most notably as actuators [8] and in medical
devices [9]. This unique ability manifests as the shape mem-
ory effect [10] and pseudoelasticity [11,12] under different
conditions. It is well established that these novel properties
of NiTi are associated with its thermoelastic martensitic
transformations, and that the transformation behaviour,

hence the mechanical properties, are influenced by the com-
position and processing conditions of the alloys.

The most commonly used NiTi alloys are those contain-
ing 50.8–51.0 at.% Ni [12–14], which are often referred to
as ‘‘Ni-rich” alloys. These alloys are responsive to precipi-
tation aging treatment and have the ability to alter their
mechanical and shape memory behaviour over large prop-
erty windows. Under different heat treatment conditions,
these alloys may exhibit different martensitic transforma-
tion sequences involving three phases: the B2 austenite
phase (A), the B19’ martensite phase (M) and the orthogo-
nal R phase (R) [15–17], including A M M, A M R and
R M M.

The common forms of transformation sequences consti-
tuted from these three basic constituent transformations
are shown in Fig. 1. The alloy used was a Ti–50.9 at.%
Ni. Curve (a) demonstrates a simple one-step A M M
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transformation. The behaviour was achieved after solution
treatment at 1073 K for 3.6 ks. Curve (b) demonstrates a
transformation sequence of A ? R ? M on cooling and
M ? A on heating. This sample was aged at 748 K for
36 ks. This is a common transformation behaviour
observed in aged Ni-rich alloys. One important point often
neglected in the literature is the absence of the A ? M
transformation, which is thermodynamically prohibited.
The approximate position of this transformation is indi-
cated by the imaginary transformation peak in dashed line,
somewhere between the two cooling transformations.
When subjected to an applied stress, such samples may
experience stress-induced A ? M transformation. In this
case, attempts to correlate the critical stress for the
mechanically induced A ? M transformation with the tem-
perature of the observed R ? M transformation, as com-
monly reported in the literature, are obviously incorrect.
Curve (c) shows a transformation sequence of
A M R M M. This sample was aged at 573 K for 3600 ks.
As for the case of (b), the thermodynamically prohibited
A ? M and M ? A transformations are tentatively indi-
cated in dashed lines. Full analysis of the relative positions
of these transformations has been reported previously in
Ref. [18].

The effect of ageing treatment on the transformation
behaviour of Ni-rich alloys has been a focus of research
for many years and a large volume of experimental infor-
mation is available in the literature [18–21]. These include
the formation of the various Ni-rich precipitates, such as
Ti3Ni4, Ti2Ni3 and TiNi3 [1,22–25], the introduction of
the R phase transformation associated with the formation
of Ti3Ni4 [26,27] and the occurrence of multi-stage trans-
formation behaviour [28–30]. Comprehensive precipitation

and transformation maps in the ageing temperature–testing
temperature plane have been constructed for certain alloys
[1], which enable the selection of ageing conditions for
desired transformation behaviour to be achieved. In con-
trast, there is much less systematic knowledge of the effect
of ageing on the mechanical behaviour of Ni-rich alloys.
Earlier works by Miyazaki [31] and Otsuka et al. [32–34]
successfully characterized the mechanical behaviour of a
few common NiTi alloys at certain specific ageing condi-
tions. Their findings have been widely used as reference
for material processing in research. Many industrial pro-
ducers of NiTi alloys have their own in-house empirical
knowledge of the proper ageing conditions for optimal
mechanical properties. However, such information is
scarce in the open literature [2,12,16] and systematic
knowledge of the effects of ageing on the mechanical
behaviour of NiTi is yet to be established. This is a complex
task because it involves multiple variables, including ageing
temperature, time and alloy composition.

This investigation was conducted as part of a systematic
study on the effects of ageing on the properties of an indus-
trial Ti–50.9 at.% Ni alloy, and is a sequel to a paper pre-
viously published in Acta Materialia [1]. The first part of
the study was concerned with the effects of ageing on the
transformation behaviour [1]. This part focuses on the
effects of ageing on the mechanical properties of the alloy.
The experimental evidences and the discussions presented
in this work are complex. It is strongly recommended that
the two articles are read together.

2. Experimental procedure

A commercial NiTi alloy with a nominal composition of
Ti–50.9 at.% Ni was used. The alloy was in wire form of
1 mm in diameter. The material was solution treated at
1173 K for 3.6 ks in vacuum followed by quenching in
water at room temperature. Following the solution treat-
ment, the material was aged at different temperatures from
653 to 873 K for 3.6 ks in air and quenched in water again.
The surface of the heat-treated samples was cleaned
mechanically using fine abrasive paper.

The deformation behaviour was studied in tension using
wire specimens of 30 mm in gauge length. The tensile test-
ing was performed using an Instron 3365 universal testing
machine at a strain rate of 0.0016 s�1. The testing temper-
ature was controlled using a low-temperature furnace in air
with fanned convection with an accuracy of ±1 �C.

3. Results and discussion

3.1. Effect of ageing temperature on transformation

behaviour

This section presents no new results but briefly reintro-
duces some experimental findings from Ref. [1] that are
directly relevant to this study to serve as a basis for our dis-
cussion. Fig. 2 shows the effect of ageing temperature on
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the transformation behaviour of the alloy, as determined
by differential scanning calorimetric (DSC) measurement.
The full details of the original experimental findings have
been reported previously [1]. The data shown are the peak
temperatures of the transformations. The temperatures of
the cooling transformations are represented by solid sym-
bols and those of the reverse transformations on heating
are represented by open symbols. The two data points
marked at 900 K correspond to the temperatures of the ori-
ginal A ? M and M ? A transformations in the solution-
treated state. In the figure, the martensitic transformation
is denoted in three different forms, M0, M1 and M2. All
three martensites are of the same crystalline structure but
of slightly different chemical compositions. M0 denotes
the martensite formed in the original solution-treated Ti–
50.9 at.% Ni matrix. M1 denotes the martensite formed
from the R phase in the matrix that contains some precip-
itates. M2 denotes the martensite formed from the B2 par-
ent phase in the overaged matrix, which may contain lower
Ni content than in the solution-treated state. It is seen that,
within the ageing temperature range of 650–873 K, the
reverse transformation temperatures, which are critical to
the occurrence of the pseudoelasticity, decreased progres-
sively with increasing ageing temperature. The evolution
of the forward transformation is more complicated. Below
750 K, no obvious thermal peak was detected for the mar-
tensitic transformation. However, using a special DSC
measurement technique of progressive cooling, it has been
proven that the R ? M1 transformation actually occurred
over a wide temperature range, as indicated by the shaded
area [1]. Within the ageing temperature range of 750–
830 K, multi-stage martensitic transformations occurred,
involving both R ? M1 and A ? M2. Above 830 K, the
alloy exhibited single stage A M M transformation, but
the matrix is considered to contain incoherent Ni-rich pre-
cipitates, and is thus of lower Ni content compared to the
original solution-treated state [1]. The transformation tem-

peratures decreased continuously with increasing ageing
temperature in this range, suggesting progressive dissolu-
tion of Ni from the precipitates back into the B2 matrix,
as predicted by the Ti–Ni binary phase diagram.

3.2. Effect of ageing temperature on deformation behaviour

Fig. 3 shows the tensile deformation behaviour of the
alloy after ageing at different temperatures between 673
and 833 K for 3.6 ks. The testing temperature was 295 K,
which is indicated for reference in Fig. 2 as the dashed hor-
izontal line. The testing temperature was approached by
cooling from a higher temperature. It is seen that, for the
samples aged below 750 K, the starting structure was the
R phase, whereas for samples aged at higher temperatures
the starting structure was the B2 parent phase.

In general, the deformation behaviour can be divided into
four stages [10,13], as indicated in the figure. Stage I is gen-
erally considered the elastic deformation of the B2 parent
phase (or several other deformation mechanisms, depending
on the starting structure and the thermomechanical treat-
ment history of the alloy, including the elastic deformation
of the R phase, R phase reorientation and stress-induced
B2–R transformation), which is the initial deformation prior
to the apparent non-linear deformation. Stage II is an inelas-
tic deformation associated with stress-induced martensitic
transformation. The critical stress of this stage is denoted
rSIM . Stage III is a mixed stage of deformation involving
the elastic deformation of the stress-induced martensite,
plastic deformation of the stress-induced martensite and
some further production of oriented martensite [10,13,35].
Stage IV is the plastic deformation of the stress-induced mar-
tensite. The onset point of stage IV is denoted the apparent
yield point of the martensite (rM

y ), determined at 0.2% e devi-
ation from the apparently linear r�e line in stage III. Gener-
ally, it is seen that samples with lower critical stresses for
inducing martensite also showed higher stresses for apparent
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yielding of the stress-induced martensite. The solution-trea-
ted sample had the lowest yield stress but the highest stress
for inducing the martensitic transformation at the testing
temperature.

Fig. 4 shows the effect of ageing temperature on the crit-
ical stress for inducing martensite (rSIM ) and the apparent
yield strength of martensite (rM

y ) for three aging durations
of 1.8, 3.6 and 7.2 ks. There is no clear difference among
the three ageing times. The data shown at 900 K represent
the solution-treated sample (1173 K for 3.6 h). It is seen
that rM

Y decreased progressively with increasing ageing tem-
perature above 750 K. Below 750 K the trends were less
clear. In contrast, rSIM showed a slight but continuous
increase with increasing ageing temperature above 750 K.
Below 750 K the data showed less dependence on ageing
temperature. The temperature 750 K corresponds to the
division of the starting structure for deformation, as indi-
cated in Fig. 2. For the specimens aged above 750 K, the
stress plateau was associated with stress-induced A ? M2
transformation, and the continued decrease in rSIM with
increasing ageing temperature is clearly in agreement with
the continuous decrease in temperature of the A ? M2
transformation, as shown in Fig. 2. The situation of the
stress induced transformation plateau for the specimens
aged below 750 K is less clear. Apparently some R phase
existed prior to the deformation, yet the trend of rSIM obvi-
ously does not follow the trend of the temperature of
R ? M1. This seems to indicate that the thermally induced
transformations are different from the stress-induced trans-
formations, which may have involved direct transforma-
tion of A ? M. However, the clarification of this is
beyond the scope of the current investigation.

Fig. 5 shows the strain measurements of the samples
aged at different temperatures. It is seen that the strain at
the apparent yield of the stress-induced martensite (eY ) is

practically the same at �21% for all samples, regardless
of the ageing temperature. The plateau strain (eplateau) is
the net strain span over the stress plateau for the stress-
induced martensitic transformation on the stress–strain
curve. The plateau strain is found to increase continuously
with increasing ageing temperature above 750 K. Below
750 K, the plateau strain is practically unaffected by ageing
temperature. This behaviour corresponds well with the
division between stress-induced A ? M2 and R ? M1
transformations.

3.3. Effect of ageing temperature on pseudoelastic behaviour

Fig. 6 shows the pseudoelastic stress–strain behaviour of
the alloy after ageing at different temperatures. Fig. 6a
shows the pseudoelastic behaviour at 295 K. For low age-
ing temperatures below 793 K, the testing temperature
was below the reverse transformation temperature of the
samples. These samples showed no pseudoelastic recovery
at this temperature. The samples aged at 813 and 833 K
showed the pseudoelastic behaviour. The plateau strain
associated with the stress-induced martensitic transforma-
tion increased with increasing ageing temperature. The
solution-treated sample also exhibited the pseudoelastic
behaviour. The plateau strain was exceptionally large,
reaching �12%. It is also evident that this sample showed
a large residual strain after the completion of the pseudo-
elastic cycle, apparently indicating that the forward stress
plateau actually involved plastic deformation. This is con-
sistent with the lowest yield strength of this sample, as
shown in Fig. 4, although the plateau stress is still
�100 MPa below the yield strength.

Fig. 6b shows the pseudoelastic behaviour of the alloy at
310 K. At this temperature, the solution-treated sample has
lost its pseudoelasticity, apparently due to the occurrence
of excessive plastic deformation over the stress plateau.
The sample aged at 673 K exhibited nearly perfect pseudo-
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elasticity. The stress-induced B2 ? R transformation is
also apparent. Increasing ageing temperature to 703 K sup-
pressed the pseudoelasticity. Further increase in ageing
temperature to 733 K resulted in partial pseudoelasticity.
The samples aged at 763 and 793 K developed near-perfect
pseudoelasticity. At 813 K the sample still showed good
pseudoelasticity, but the permanent strain at the end of
the psedudoelastic cycle had obviously increased, implying
a gradual diminish of the pseudoelasticity. Increasing the
ageing temperature further to 833 K suppressed the
pseudoelasticity completely.

Fig. 6c shows the deformation behaviour of the alloy at
330 K. At this temperature, the samples aged at 673–703 K
showed near-perfect pseudoelasticity. Increasing the ageing
temperature to 733 K caused a deterioration in the pseudo-
elasticity. For ageing temperatures above 763 K, no
pseudoelasticity was observed, apparently due to excessive
plastic deformation over the stress plateau.

Different levels of pseudoelasticity were exhibited by
samples aged at different temperatures. Fig. 7 shows the
effect of ageing temperature on pseudoelastic recovery

strain at the three testing temperatures. The strain is mea-
sured as the total deformation strain minus the elastic
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strain, which is estimated using a nominal modulus of elas-
ticity of 30 GPa for the martensite. This value of Young’s
modulus is lower than the true Young’s modulus expected
for the martensite, and is only the apparent modulus of
macroscopic mechanical behaviour, as has been well docu-
mented in the literature [36–38]. This means that the elastic
strain is an overestimate, or the transformation strain is an
underestimate, of the real values. The encircled points indi-
cate where severe plastic deformation was involved during
the stress-induced forward transformation. For the sam-
ples aged at low temperatures, increasing testing tempera-
ture increased the level of pseudoelastic recovery. The
lack of pseudoelasticity at low testing temperatures for
these samples is apparently related to their high Af temper-
atures (see Fig. 2). For the samples aged at high tempera-
tures, increasing testing temperature decreased the
pseudoelastic recovery. The loss of pseudoelasticity at high
testing temperatures for these samples is related to exces-
sive plastic deformation, apparently caused by the rela-
tively low yield strength of the samples (see Fig. 4).

The experimental observations shown in Fig. 7 may be
theorized below, as depicted in Fig. 8. The occurrence of
pseudoelasticity at a given testing temperature is governed
by two criteria:

T > A�f and T < T A
y ð1Þ

where A�f is the finishing temperature of the reverse trans-
formation of stress-induced martensite, which has been
found to be higher than the temperature for the reverse
transformation of the thermally induced martensite (Af)
owing to a ‘‘deformation-induced martensite stabilisation
effect” [39]. T A

y is the critical temperature at which plastic
deformation occurs in preference to deformation via
stress-induced martensitic transformation, i.e. at which
the critical stress for inducing martensitic transformation
exceeds that for plastic deformation. This temperature
has been traditionally denoted Md in the early literature
and is sometimes confused with the plastic yielding the
martensite [39].

Fig. 8a plots Af and T A
y as functions of the ageing tem-

perature. T A
y is computed as:

T A
y ¼ k rA

y � r295
SIM

� �
þ 295 ð2Þ

Here, rA
y is the yield strength of the austenite, r295

SIM is the
critical stress for inducing A ? M transformation at
295 K (determined from Fig. 6a) and k is the Clausius–Cla-
peyron coefficient of A ? M transformation, which is ta-
ken as 7.5 MPa K�1 [40,41]. The exact values of rA

y are
unknown. Instead, approximate values are taken from
the experimental evidences shown in Fig. 6. Referring to
the stress–strain curves shown in Fig. 6, it is evident that,
at stresses below rA

y , excessive plastic deformation occurs
during the stress-induced martensitic transformation, jeop-
ardizing the pseudoelasticity. In other words, the pseudo-
elasticity is actually lost at rA�

y , a stress slightly below rA
y .

Thus the T A
y calculated is denoted T A�

y in the figure. The ac-
tual value of A�f is specimen-dependent and unknown. It is
conceptually expressed above Af as the dashed curve. Thus,
the interval between A�f and T A�

y indicates the testing tem-
perature window for pseudoelasticity.

Fig. 8b shows a deformation diagram for the occurrence
of pseudoelasticity, with its y-axis representing the pseudo-
elastic recovery strain. Referring to the two curves T A�

y and
A�f shown in Fig. 8a, three different pseudoelastic deforma-
tion behaviours may occur depending on the testing tem-
perature. At 295 K, samples aged below 820 K are below
A�f and thus exhibit no pseudoelasticity but only the shape
memory effect (SME). For the samples aged above 820 K,
the testing temperature is above A�f and thus pseudoelastic-
ity (PE) is observed. Thus, the ageing temperature depen-
dence of the deformation behaviour at this temperature is
expressed in curve (i). At 310 K, samples aged below
750 K are below A�f and thus exhibit SME. Samples aged
at between 750 and 860 K show pseudoelasticity. Samples
aged above 850 K are above T A�

y and will experience plastic
deformation. Thus, the ageing temperature dependence of
the deformation behaviour at this temperature is expressed
in curve (ii). At 330 K, samples aged below 790 K will exhi-
bit pseudoelasticity whereas those aged above will be above
T A�

y and thus exhibit plastic deformation. The deformation
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behaviour at this temperature is expressed in curve (iii).
Referring to the experimental evidence shown in Fig. 7, it
is seen that the ageing temperature–testing temperature
dependence of the deformation behaviour predicted by this
analysis shows good qualitative agreement with the exper-
imental observations.

Fig. 9 shows the critical stress for inducing martensite at
various testing temperatures. The open symbols represent
the stress-induced R ? M transformation and the solid
symbols represent the A ? M transformation. The encir-
cled points indicate where severe plastic deformation was
involved during the stress-induced forward transformation.
The figure shows that the critical stress for the A ? M
transformation increased with increasing ageing tempera-
ture at all three testing temperatures. This is consistent with
the progressive decrease in the temperature of the A ? M2
transformation, as shown in Fig. 2. The stress for the
R ? M transformation seems to have a much weaker
dependence on the ageing temperature in comparison with
the ageing temperature dependence of the temperature of
the R ? M transformation shown in Fig. 2. This indicates
that the mechanically induced transformation sequence is
different from the thermally induced transformation
sequence. In fact, for samples aged below 733 K, no
R ? M transformation was detected in the thermal mea-
surement (Fig. 2) but martensitic transformation was
induced in the mechanical testing (Fig. 6).

Fig. 10 shows the pseudoelastic stress hysteresis (gPE) of
the samples as a function of ageing temperature. The three
different symbols represent the three testing temperatures.
With the expectation that the stress hysteresis does not
change with testing temperature [39,42], the data points
are joined to form a single curve. The figure shows that
the stress hysteresis increased with increasing ageing tem-
perature, from �200 MPa for ageing at 673 K to
�260 MPa for ageing at 833 K. The solution-treated sam-
ple exhibited the largest stress hysteresis, 302 MPa.

A necessary material condition for a specimen to exhibit
pseudoelasticity is that the yield strength of the austenite be
greater than the stress hysteresis of the pseudoelastic loop.
The difference between these two stress parameters,
Dr ¼ rA

y � gPE; may be defined as the stress window for
pseudoelasticity. Fig. 11 shows the pseudoelastic stress
window as a function of ageing temperature, calculated
using the yield strength of the stress-induced martensite
(rM

y ; Fig. 4). It is evident that the stress window decreases
rapidly with increasing ageing temperature. At an ageing
temperature of 673 K, the stress window for pseudoelastic-
ity is as high as �600 MPa. For an ageing temperature of
833 K, the stress window is reduced to <400 MPa. For
the solution-treated sample, the stress window is merely
�200 MPa. For a Clausius–Clapeyron dependence of
7.5 MPa K�1 for the A ? M transformation in NiTi
[40,41], these stress windows may translate into pseudoelas-
tic temperature windows of approximately 80, 53 and 27 K
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for the three conditions, respectively. These values are sig-
nificantly higher than those expressed in Fig. 8. This is
apparently due to the fact that the stress window shown
in Fig. 11 is estimated using the apparent yield strength
of the stress-induced martensite (rM

y ), which is much higher
than that of the austenite (rA

y ), i.e. rA
y < rM

y . This is in fact
evident in the comparison between the results shown in
Figs. 3 and 6c. For the sample aged at 673 K for 3.6 ks,
for example, the austenite experienced severe plastic defor-
mation at �620 MPa whereas the stress-induced martensite
experienced an apparent yield at 850 MPa.

Fig. 12 shows the pseudoelasticity diagram of the Ti–
50.9 at.% Ni alloy in the ageing temperature–testing tem-
perature plane. It can be seen that increasing ageing tem-
perature generally reduces the temperature window for
pseudoelasticity. The maximum temperature window
observed is �30 K for the samples aged at 673 K. This is
consistent with the temperature window estimated in
Fig. 8.

4. Conclusions

The main findings and conclusions of this study can be
summarized as follows:

(1) Ageing treatment is effective in influencing both the
transformation and deformation behaviour of Ti–
50.9 at.% Ni. Increasing the ageing temperature
within 673–873 K generally decreases the reverse
transformation temperature and causes complex for-
ward transformation behaviour.

(2) Increasing the ageing temperature within 673–873 K
increases the critical stress required to induce mar-
tensitic transformation moderately but has a more
pronounced effect on decreasing the apparent yield
strength of the stress-induced martensite (rM

y ). It is
also evident that significant plastic deformation
occurs during the stress-induced martensitic transfor-

mation below the apparent yield strength of the aus-
tenite (rA

y ). The occurrence of significant plastic
deformation during stress-induced martensitic trans-
formation suppresses pseudoelastic recovery.

(3) The temperature criterion for pseudoelasticity may be
expressed by A�f < T < T A

y , where A�f is the critical
temperature for the reverse transformation of the
stress-induced martensite and T A

y is the temperature
at which the critical stress for inducing the martens-
itic transformation equals the yield strength of the
austenite, i.e. rA

y ¼ rSIMðT A
y Þ. Based on this criterion,

the temperature window for pseudoelasticity for the
Ti–50.8 at.% Ni alloy is estimated to be �30 K and
is found to shift to lower temperatures with increas-
ing ageing temperature.

(4) The stress criterion for pseudoelasticity may be
expressed as gPE < r < rA

y , where gPE is the stress hys-
teresis of the pseudoelasticity. The stress window for
pseudoelasticity was estimated using rM

y . The calcula-
tion is an obvious overestimate of the true stress win-
dow, due to the overestimate of rM

y for rA
y . The above

argument and the experimental evidence support the
conclusion that rA

y < rM
y .
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