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This paper systematically examines the thermomechanical properties and phase transformation behav-
iour of slightly Ni-rich Ni–Ti biomedical shape memory wires containing homogeneously distributed
nanoscale precipitates induced by stress-assisted ageing. In contrast to previous studies, particular atten-
tion is paid to the role of precipitates in impeding twin boundary movement (TBM) and its underlying
mechanisms. The size and volume fraction of precipitates are altered by changing the ageing time. The
martensitic transformation temperatures increase with prolonged ageing time, whereas the R-phase
transformation temperature remains relatively unchanged. The stress–strain behaviour in different phase
regions during both cooling and heating is comprehensively examined, and the underlying mechanisms
for the temperature- and thermal-history-dependent behaviour are elucidated with the help of the estab-
lished stress–temperature phase diagram. The effect of precipitates on TBM is explored by mechanical
testing at 133 K. It is revealed that the critical stress for TBM (rcr) increases with increasing ageing time.
There is a considerable increase of 104 MPa in rcr in the sample aged at 773 K for 120 min under 70 MPa
compared with the solution-treated sample, owing to the presence of precipitates. The Orowan strength-
ening model of twinning dislocations is insufficient to account for this increase in rcr . The back stress
generation is the predominant mechanism for the interactions between precipitates and twin boundaries
during TBM that give rise to the increase in rcr . Such results provide new insights into the thermome-
chanical properties of precipitate containing Ni–Ti biomedical shape memory wires, which are instructive
for developing high-performance biomedical shape memory alloys.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Shape memory alloys (SMAs) possess the unique characteristics
of shape memory effect and superelasticity, as a result of temper-
ature- or stress-induced martensitic transformation [1–12],
proving to be quite attractive functional materials. At present,
near-equiatomic Ni–Ti alloys are the best performing and the most
widely used SMAs in commercial applications [13], especially in
biomedical fields [14], because they combine excellent functional
performance with superb mechanical properties [1,6], superior
corrosion resistance [15] and good biocompatibility [16]. Ni–Ti
SMAs are capable of recovering up to 8% strain in the form of shape
memory or superelasticity [6,9]. The unique properties of shape
memory and superelasticity of Ni–Ti SMAs have been broadly used
in the design of medical devices in cardiology, interventional radi-
ology and orthopaedics [17,18]. One typical example is the self-
deploying endovascular stents made of Ni–Ti SMAs [18,19].

It is well recognized that coherent precipitates in SMAs play an
important role in strengthening both austenite and martensite by
inhibiting dislocation slip [1], thus improving the shape memory
effect and superelasticity by reducing the irreversible strain result-
ing from permanent plastic deformation. It has also been shown
that precipitate containing SMAs demonstrate superior resistance
to cyclic degradation effects [20–22], which is important for
enhancing the stability of functional performances in biomedical
applications. Inspired by these merits, increasing efforts have been
devoted to the investigation of precipitation in biomedical SMAs
[12,21,23].

Ageing following solution treatment has been shown to be
effective in producing fine Ni4Ti3 coherent precipitates in Ni-rich
Ni–Ti SMAs [21]. However, for slightly Ni-rich Ni–Ti alloys (e.g.
Ni50.7Ti49.3, at.%) that have martensitic transformation temperatures
ced by
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near ambient temperature and are thus most suitable for superelas-
tic biomedical applications, conventional ageing is not sufficient to
generate homogeneously distributed precipitates [24]. Instead, it
leads to a heterogeneous microstructure with precipitates predom-
inately nucleated near grain boundaries [24]. This is because the
nucleation energy barrier for the formation of Ni4Ti3 in B2 austenite
is high, and heterogeneous nucleation at grain boundaries is ener-
getically favourable [25,26]. This type of heterogeneous microstruc-
ture can be detrimental for practical applications. Fortunately, the
novel treatment of stress-assisted ageing (ageing under bias stress)
has been proved to be effective in producing homogeneously dis-
tributed Ni4Ti3 precipitates in slightly Ni-rich Ni–Ti SMAs [24,27].

So far, there have been extensive investigations on the phase
transformation behaviour of precipitate-containing Ni–Ti alloys
[23–29]. Multiple-step transformations during both cooling and
heating have been identified [24–26,28,29] and interpreted in
terms of heterogeneous microstructure with precipitates near
grain boundaries and precipitate-free regions in grain interiors as
a result of conventional ageing [26]. The influence of precipitates
on functional properties of Ni–Ti alloys has also been studied
[30,31]. Superior shape memory effect [30] and superelasticity
[31] were achieved in alloys with a high density of fine precipi-
tates. Nevertheless, the thermomechanical behaviour of the Ni–Ti
alloys containing homogeneous fine precipitates, especially those
induced by stress-assisted ageing, is still not well understood. In
particular, little is known on the effect of precipitates on twin
boundary movement in SMAs and the underlying mechanism for
such effect remains undisclosed. Clarification of these issues is
not only of great fundamental significance, but also of practical
interest for designing high-performance biomedical SMAs.

In the present study, homogeneously distributed nanoscale
precipitates are developed in slightly Ni-rich Ni–Ti biomedical
shape memory wires by stress-assisted ageing. The thermal-
history- and temperature-dependent mechanical behaviour, as
well as its microscopic mechanisms, of these precipitate-
containing samples is systematically studied. The effect of
precipitates on twin boundary movement in these Ni–Ti wires is
investigated. The underlying mechanism responsible for the
interactions between precipitates and twin boundaries during twin
boundary movement is elucidated. Such results provide new
insights into the thermomechanical properties of Ni–Ti alloys with
fine precipitates induced by stress-assisted ageing, which are
instructive for developing novel biomedical SMAs.
Fig. 1. Low-magnification SEM-AsB image showing the homogeneously distributed
precipitates in the sample aged at 773 K for 120 min under 70 MPa.
2. Experimental

As Ni–Ti alloys are produced and used mostly in the form of
wire, Ni-rich Ni–Ti wires were employed in this study. The wires,
100 lm in diameter with 55.8 wt.% Ni content (corresponding to
Ni50.73Ti49.27 (at.%)), were purchased from Nitinol Devices and
Components. The wires were received in ‘‘straight annealed’’ con-
dition; this means that, after cold drawing, they were annealed
in the range 773–823 K for a short time while constrained by
clamping for shape setting [32].

The as-received wires were solution treated at 1073 K for
20 min, followed by water quenching. Then, some of the wires
were aged at 773 K for different time periods under a constant ten-
sile stress of 70 MPa to develop homogeneously distributed precip-
itates. These stress-assisted ageing experiments were performed in
the dynamic mechanical analyser (DMA) from TA Instruments
(DMA Q800), which enables mechanical testing from 133 to 873 K.

The thermomechanical behaviour of the aged samples, includ-
ing the stress–strain behaviour at different temperatures and the
temperature dependence of strain under a constant tensile stress,
were studied in situ in DMA directly after the samples were aged.
Please cite this article in press as: Cong DY et al. Thermomechanical properties
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The microstructure of the aged samples, with particular attention
to the morphology and distribution of the precipitates, was
examined using high-resolution field emission scanning electron
microscopy (FE-SEM) (Zeiss Supra 55VP). The precipitates were
observed with the angle selective backscatter (AsB) detector at
an accelerating voltage of 10 kV and a working distance of
3.5 mm. The phase transformation temperatures were determined
by differential scanning calorimetry (DSC) (TA DSC Q200) in the
temperature range 180–400 K, with a heating and cooling rate of
10 K min�1.

3. Results and analysis

3.1. Precipitates developed by stress-assisted ageing

SEM observations revealed nanoscale precipitates in the
samples aged under a constant tensile stress. To demonstrate the
general distribution of such precipitates, a relatively low-
magnification SEM image acquired with the AsB detector
(SEM-AsB image) from the sample aged at 773 K for 120 min under
70 MPa is illustrated in Fig. 1. A high density of Ni4Ti3 precipitates,
which are homogeneously distributed, can be observed. As
revealed by earlier transmission electron microscopy studies (e.g.
[26]), these Ni4Ti3 precipitates have a lenticular, disc-like shape.

In order to study the correlation between size and volume frac-
tion of precipitates and ageing time, SEM-AsB images were taken
from the samples aged at 773 K under 70 MPa for different time
periods, as shown in Fig. 2a–c. When aged for a short time of
10 min, the sample shows fine precipitates with diameter
<50 nm (Fig. 2a). With prolonged ageing time, the size of the pre-
cipitates increases. The diameter of the precipitates in the sample
aged for 120 min reaches up to 300 nm (Fig. 2c). The volume frac-
tion of precipitates was estimated using the line intersection
method [26,33], and it is shown in Fig. 2d as a function of ageing
time (measurements on at least five different images for each
ageing condition were performed, and the mean value with the
standard deviation is demonstrated in Fig. 2d). One can see that
the volume fraction of precipitates increases rapidly with increas-
ing ageing time up to 30 min, and then increases relatively slowly
as ageing time increases to 120 min. This is generally consistent
with the results from phase field simulation based on the
diffusional process of precipitate coarsening [34].

3.2. Phase transformations

The DSC curve of the sample solution treated at 1073 K for
20 min is illustrated in Fig. 3. One can see that the solution-treated
sample shows a single-step transformation, which is typical for
unaged and precipitate-free NiTi alloys [35]. There is an exothermic
of Ni–Ti shape memory wires containing nanoscale precipitates induced by
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(a)                                                                          (b) 

(c)                                                                          (d) 

Fig. 2. (a–c) SEM-AsB images showing precipitates in samples aged at 773 K under 70 MPa for (a) 10 min, (b) 30 min and (c) 120 min. These images were taken on a cross
section of the wires. (d) Volume fraction of precipitates as a function of ageing time.

Fig. 3. DSC curve of the solution-treated sample. The determination of the
transformation temperatures (Ms, Mp, Mf, As, Af and Ap) is illustrated in the figure.

D.Y. Cong et al. / Acta Biomaterialia xxx (2014) xxx–xxx 3
peak during cooling, corresponding to the martensitic transforma-
tion (from B2 austenite to B190 martensite) and an endothermic
peak during heating, corresponding to the austenitic (reverse)
transformation (from B190 martensite to B2 austenite). The mar-
tensitic transformation start, finish and peak temperatures (Ms, Mf

and Mp) and the austenitic transformation start, finish and peak
Please cite this article in press as: Cong DY et al. Thermomechanical properties
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temperatures (As, Af and Ap) are 210, 199, 206, 235, 244 and
239 K, respectively, which are determined as illustrated in Fig. 3.

A representative DSC curve for the aged samples, which is
obtained from the sample aged at 773 K for 120 min under
70 MPa, is shown in Fig. 4a. Clearly, the aged samples show
two-step transformations during cooling and a single-step
transformation during heating. It should be noted that there are
two low-temperature phases in the aged samples: R phase and
B190 phase [24], both are martensitic in nature; however, to differ-
entiate, when ‘‘martensite’’ is mentioned it refers uniquely to the
B190 phase throughout this paper. The first exothermic peak during
cooling (Fig. 4a) corresponds to the R-phase transformation from
B2 austenite to R phase, and the second corresponds to the
martensitic transformation from R phase to B190 martensite
(this martensitic transformation is different from that in the
solution-treated sample, which is directly from B2 austenite to
B190 martensite). The endothermic peak during heating (Fig. 4a)
corresponds to the austenitic transformation from B190 martensite
to B2 austenite. The determination of the R-phase transformation
peak temperature Rp, as well as Mp and Ap, is illustrated in
Fig. 4a. For comparison, the cooling and heating parts of the DSC
curves of the samples aged for different time periods are
demonstrated in Fig. 4b and c, respectively (the curve of the
solution-treated sample is also included for reference).
of Ni–Ti shape memory wires containing nanoscale precipitates induced by
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(b)                                                                                      (c) 

Fig. 4. (a) DSC curve of the sample aged at 773 K for 120 min under 70 MPa. The determination of the transformation temperatures Rp, Mp and Ap is illustrated. (b) Cooling and
(c) heating parts of DSC curves of the samples aged at 773 K under 70 MPa for 10, 15, 20, 30, 60 and 120 min. The DSC curve of the solution-treated sample (dashed curve) is
also included in (b) and (c) for reference.

Fig. 5. Dependence of transformation temperatures Rp, Mp and Ap on ageing time.
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The stress field introduced by coherent precipitation accounts
for the two-step transformations during cooling in the samples
subjected to stress-assisted ageing. It was reported that the Ni–Ti
samples with coherent Ni4Ti3 precipitates show R-phase transfor-
mation, whereas those with incoherent precipitates do not [36].
This is because the coherency stress field resulting from coherent
precipitation induces additional energy that consequently affects
the relative stability of R phase and B190 martensite [6], leading
to the formation of R phase before the subsequent transformation
to B190 martensite. The fact that the sample aged at 773 K for
120 min under 70 MPa still shows R-phase transformation
indicates that the relatively coarse precipitates (Fig. 2c) in that
sample are still coherent.

The transformation temperatures Rp, Mp and Ap of the samples
subjected to stress-assisted ageing (determined from Fig. 4b and
c) are shown as a function of ageing time in Fig. 5. As shown in
Figs. 4b and 5, Mp increases monotonically as the ageing time
increases from 10 min to 120 min. In contrast, Rp does not depend
strongly on ageing time, and keeps a value of around room temper-
ature for all the aged samples. Consequently, the temperature
range where the R phase is stable becomes narrower as the ageing
time increases (Fig. 4b). Showing a trend similar to Mp, Ap also
increases monotonically with prolonged ageing time, from 293 K
for the sample aged for 10 min to 306 K for the sample aged for
Please cite this article in press as: Cong DY et al. Thermomechanical properties
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120 min, as shown in Figs. 4c and 5. The possible mechanisms
for the effect of ageing on phase transformation temperatures have
been considered elsewhere [24–26] and are discussed further in
Section 4.2.
of Ni–Ti shape memory wires containing nanoscale precipitates induced by
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3.3. Thermomechanical properties

3.3.1. Solution-treated sample
The stress–strain curves of the solution-treated sample mea-

sured at various temperatures are shown as solid lines in Fig. 6a–
d. For these measurements, one sample is used only for one test
at a certain temperature, to avoid the possible effect of permanent
plastic deformation during the previous test, as would be the case
if one sample was used for multiple tests at different temperatures
(hereafter, ‘‘permanent plastic deformation’’ refers uniquely to the
plastic deformation by dislocation slip, which is not recoverable
either on unloading or on heating). For each measurement, the
sample was first cooled or heated to the target temperature from
room temperature, then the stress–strain behaviour was tested
and, finally, the sample was heated to 373 K (above Af) to examine
the recovery of the residual strain (after unloading) during heating
(as shown by the dashed arrows in Fig. 6b–d).

It is interesting to see that the stress–strain curves over a wide
temperature range of 253–153 K (Fig. 6b–d) appear similar in
shape, despite the different phases expected to be present at each
testing temperature. Fig. 6e shows the strain–temperature curve
under a constant tensile stress of 70 MPa. The approximate phase
transformation temperatures determined from this curve are indi-
cated in the figure. These temperatures are largely in agreement
with those determined from the DSC curve (Fig. 3). The phases at
the temperatures corresponding to Fig. 6a–d can be determined
(a)                                                              (

(d)

Fig. 6. (a–d) Tensile stress–strain curves (solid lines) of the solution-treated sample meas
recovery of residual strain during heating to 373 K. (e) Strain–temperature curve of the

Please cite this article in press as: Cong DY et al. Thermomechanical properties
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from Fig. 6e: austenite at 323 and 253 K, coexistence of austenite
and martensite at 213 K, and martensite at 153 K.

As seen from Fig. 6a, the sample shows typical elastic and per-
manent plastic deformation behaviour of austenite at 323 K. No
residual strain recovers on heating to 373 K. At this temperature,
stress-induced martensitic transformation (SIMT) is not possible,
as it is too far away from the Ms temperature. The stress–strain
curve at 253 K (Fig. 6b) shows a plateau at �500 MPa, which is a
signature for SIMT. However, this SIMT is irreversible, and the
residual strain after unloading only partly recovers during heating
to 373 K, as shown by the dashed arrow in Fig. 6b. This can be
attributed to the plastic deformation by slip during SIMT and the
stabilization of martensite by dislocation strain fields [21,37–39],
considering the low yield strength of the solution-treated sample
and the high critical stress for SIMT at this temperature. The
stabilized martensite does not transform back to austenite on
unloading, and thus the SIMT is irreversible. However, the stabi-
lized martensite may transform back to austenite on heating,
which results in the partial recovery of the residual strain; the
permanent plastic deformation accounts for the unrecoverable part
of the residual strain.

At 213 K, the stress–strain curve (Fig. 6c) also shows a stress
plateau at �360 MPa. During unloading, the strain remains almost
unrecoverable. Upon heating, most of the residual strain recovers,
but a small amount of unrecoverable strain still remains. Consider-
ing the coexistence of austenite and martensite, both SIMT and
b)                                                                   (c) 

(e) 

ured at (a) 323 K, (b) 253 K, (c) 213 K and (d) 153 K. The dashed arrows indicate the
solution-treated sample measured under a tensile stress of 70 MPa.

of Ni–Ti shape memory wires containing nanoscale precipitates induced by
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Fig. 7. Strain–temperature curves of the sample aged at 773 K for 30 min under
70 MPa, measured under a constant tensile stress of 70, 150, 250, 350 and 450 MPa,
respectively. The determination of the transformation temperatures is illustrated
on the curve measured under 450 MPa.
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martensite reorientation via twin boundary movement occur at
this temperature. The stress plateau at �360 MPa quite probably
corresponds to the SIMT, while the martensite reorientation that
is likely to occur at lower stresses does not manifest itself as an
obvious stress plateau owing to the constraints from the coexisting
austenite. As the critical stress for SIMT is lower at this
temperature (compared with the case in Fig. 6b), it is reasonable
to expect less permanent plastic deformation during SIMT and,
consequently, less martensite stabilized by dislocation strain fields.
Nevertheless, the permanent plastic deformation cannot be
excluded, because there is a small amount of unrecoverable resid-
ual strain after heating. It should be noted that, unlike the case in
Fig. 6b, the martensite that is stress-induced from austenite at
213 K (<As) (Fig. 6c) is thermodynamically stable (reasonably
assuming that the solution-treated sample does not precipitate at
the test temperature and within the experimental time scale) after
unloading, as indicated from the heating branch of the strain–tem-
perature curve (Fig. 6e) (during unloading, the stress-induced mar-
tensite tends to transform back to austenite, and therefore the
heating branch of the strain–temperature curve, which is related
to the transformation from martensite to austenite, should be
referred to when discussing the unloading process). The martensite
reorientation is an irreversible process, the stress-induced
martensite is thermodynamically stable and does not transform
back; consequently, the strain is unrecoverable after unloading.
Upon heating, both the reoriented martensite and the thermody-
namically stable stress-induced martensite transform to austenite,
which leads to the recovery of most of the residual strain; the
permanent plastic deformation accounts for the small amount of
unrecoverable residual strain upon heating.

At 153 K, the sample is in the pure martensitic state; the stress
plateau (at �280 MPa) on the stress–strain curve (Fig. 6d) corre-
sponds to the martensite reorientation. Upon heating, the residual
strain fully recovers, with the reoriented martensite transforming
to austenite. No permanent plastic deformation can be detected
from Fig. 6d, as only a relatively low critical stress is needed for
martensite reorientation at this temperature.

3.3.2. Samples subjected to stress-assisted ageing
The systematic investigation performed by the present authors

shows that all the samples subjected to stress-assisted ageing
exhibit similar stress–strain behaviour in their respective corre-
sponding phase regions. The only difference lies in their phase
transformation temperatures. For ease of presentation, the sample
aged at 773 K for 30 min under 70 MPa is selected as representa-
tive in this section.

As the stress–strain curves of the samples subjected to stress-
assisted ageing have complicated features, it is difficult to elucidate
the underlying mechanisms for the stress–strain behaviour with-
out knowing the phases present during the mechanical tests.
Therefore, firstly strain–temperature curves under different stres-
ses were measured to disclose the phases at different temperatures
and under different stress levels. Fig. 7 shows the strain–tempera-
ture curves measured under 70, 150, 250, 350 and 450 MPa,
respectively. For each measurement, the sample was first heated
to a temperature T1 > Ar

f (the Af temperature under stress r), then
a stress r was applied, and the strain was recorded during cooling
from T1 to T2 < Mr

f (the Mf temperature under r) and during
subsequent heating from T2 to T1; at the end of the test, the stress
was released at T1.

One can see from Fig. 7 that the sample shows perfect shape
memory effect under stress levels <250 MPa, whereas degradation
of the shape memory effect (manifested by unrecoverable strain)
occurs under stress levels >350 MPa, because some permanent
plastic deformation occurs under such high stresses. Interestingly,
during cooling, the sample shows two-step transformations
Please cite this article in press as: Cong DY et al. Thermomechanical properties
stress-assisted ageing. Acta Biomater (2014), http://dx.doi.org/10.1016/j.actbio
(austenite to R phase to martensite) under stresses <350 MPa,
whereas it only shows a single-step transformation directly from
austenite to martensite under stresses of 450 MPa (Fig. 7) and
550 MPa (not shown owing to space constraints), respectively.
During heating, the sample shows a single-step transformation
from martensite to austenite under all stress levels. The phase
transformation temperatures under different stresses can be
determined from the strain–temperature curves in Fig. 7, as
demonstrated on the curve measured under 450 MPa.

Based on the transformation temperatures determined from
Fig. 7, the stress–temperature phase diagram is established, which
is shown in Fig. 8. This phase diagram clearly illustrates the phases
under different stresses and at different temperatures both during
cooling and during heating; this will be used to help interpret the
stress–strain behaviour shown later. It is clear from Fig. 8 that all
the phase transformation temperatures increase monotonically as
the applied stress increases. However, the increase in Rs and Rf

occurs more slowly than that in Ms and Mf. As a result, Ms becomes
higher than Rs above a certain critical stress level and R phase
transformation disappears. This is the reason why there is only a
single-step transformation during cooling under high stress
levels. Based on the linear fittings of the experimental data, the
dr/dT values for Rs, Rf, Ms, Mf, As and Af are determined as 18.5,
11.0, 5.4, 4.6, 7.3 and 6.0 MPa K�1, respectively, which are typical
values for Ni–Ti alloys [37]. The dr/dT values for R-phase
transformation temperatures are higher than those for martensitic
transformation temperatures, which is probably due to the
smaller transformation strain of the R-phase transformation (�1%
[6]) compared with that of the martensitic transformation (�10% [6]).

To gain a comprehensive understanding of the thermomechan-
ical properties of the samples subjected to stress-assisted ageing,
the stress–strain behaviour at different temperatures, covering a
wide temperature range from above Af to below Mf, during both
cooling and heating (taking into consideration the different trans-
formation paths during cooling and during heating) was investi-
gated in detail. Figs. 9 and 10 demonstrate the stress–strain
curves at various temperatures reached during cooling and during
of Ni–Ti shape memory wires containing nanoscale precipitates induced by
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Fig. 8. Stress–temperature phase diagram for the sample aged at 773 K for 30 min under 70 MPa. The symbols denote the experimental data, and the lines are the linear
fittings of the experimental data. The letter ‘‘R’’ in the diagram denotes the R phase.

(a)                                                             (b)                                                                 (c) 

(d)                                                                               (e)

Fig. 9. Tensile stress–strain curves (solid lines) of the sample aged at 773 K for 30 min under 70 MPa, measured during cooling at (a) 298 K, (b) 288 K, (c) 268 K, (d) 223 K and
(e) 178 K. The dashed arrows indicate the recovery of residual strain during heating to 393 K. The inset in (d) shows the magnified view of the stress–strain curve at low
stresses during loading at 223 K.
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heating, respectively. Only one sample was used for all the tests, as
no permanent plastic deformation occurred prior to each test (as
presented below). For the tests during cooling (Fig. 9), the sample
was heated to 393 K before the first test; then the sample was
Please cite this article in press as: Cong DY et al. Thermomechanical properties
stress-assisted ageing. Acta Biomater (2014), http://dx.doi.org/10.1016/j.actbio
cooled to the target temperature for testing, and, finally, the sam-
ple was heated back to 393 K (above Af) to examine the recovery of
the residual strain during heating (shown by the dashed arrows in
Fig. 9). This cycle was repeated for all the subsequent tests. This
of Ni–Ti shape memory wires containing nanoscale precipitates induced by
.2014.08.017
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      (a)                                                                  (b)                                                                 (c) 

 (d) (e)

Fig. 10. Tensile stress–strain curves (solid lines) of the sample aged at 773 K for 30 min under 70 MPa, measured during heating at (a) 178 K, (b) 223 K, (c) 268 K, (d) 298 K
and (e) 323 K. The dashed arrows indicate the recovery of residual strain during heating to 393 K.
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approach ensures that the target temperature for each test was
reached during cooling from 393 K. For the tests during heating
(Fig. 10), the sample was cooled to 153 K before each test and then
heated to the target temperature for testing and, finally, the sample
was heated to 393 K to examine the recovery of the residual strain
(shown by the dashed arrows in Fig. 10). This ensures that each
testing temperature was reached during heating from 153 K. For
all the tests, the maximum applied load was carefully controlled
to avoid permanent plastic deformation by dislocation slip. As
demonstrated below, only the last test during heating involves
some plastic deformation that cannot recover during subsequent
heating; no further tests were performed after that.

Now, the stress–strain curves in Figs. 9 and 10 are interpreted
with the help of the established phase diagram in Fig. 8. During
cooling, the sample is in the pure austenitic state at 298 K (see
Fig. 8). As can be seen from the stress–strain curve (Fig. 9a), there
is a kink at �170 MPa (arrow 1) and a stress plateau at �350 MPa
(arrow 2) during loading, which correspond to the stress-induced
transformations from austenite to R phase (arrow 1) and from R
phase to martensite (arrow 2), respectively. In contrast to the
stress plateau corresponding to the transformation from R phase
to martensite, there is no obvious stress plateau associated with
the austenite to R phase transformation. This is probably because
the stress-induced R-phase transformation is a gradual, stable
process and the deformation during this transformation is homo-
geneous [40]. During unloading, most of the strain recovers, while
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a small amount of strain still remains. The strain recovery is attrib-
uted to the reverse transformation from martensite to austenite on
unloading. However, at this temperature (which falls between As

and Af under zero stress), there still remains a small amount of
stress-induced martensite that is thermodynamically stable (rea-
sonably assuming that the precipitates do not evolve at the test
temperature and within the experimental time scale) after unload-
ing, as indicated from the phase diagram in Fig. 8 (the heating pro-
cess along the direction of the horizontal dashed arrow should be
referred to; for consistency, the unloading process is also indicated
by a vertical dashed arrow); this accounts for the small amount of
unrecoverable strain after unloading. Upon heating, the residual
strain recovers fully (as indicated by the dashed arrow in Fig. 9a)
as the thermodynamically stable martensite transforms back to
austenite. No permanent plastic deformation is observed.

Further cooling to 288 K leads to the coexistence of R phase and
austenite (see Fig. 8). The stress–strain curve at this temperature
(Fig. 9b) shows two kinks (arrows 1 and 2, arrow 2 being less obvi-
ous) and a stress plateau (at �310 MPa, arrow 3) on loading. With
reference to Fig. 8, these features correspond to the following pro-
cesses: (1) reorientation of the R phase R1 (arrow 1) (R1 is used to
distinguish it from the stress-induced R phase from the coexisting
austenite, R2) and subsequent stress-induced transformation from
R1 to martensite (arrow 3), and (2) stress-induced transformations
first from austenite to R2 (arrow 2) and then from R2 to martensite
(arrow 3). Upon unloading, a minor part of the strain recovers as
of Ni–Ti shape memory wires containing nanoscale precipitates induced by
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part of the martensite transforms back to austenite; however, a
major part of the strain remains unrecoverable, because a large
amount of martensite is thermodynamically stable after unloading
at this temperature (between As and Af) (see Fig. 8). During heating,
all the residual strain recovers as a result of the transformation
from the thermodynamically stable martensite to austenite.

After cooling to 268 K, the sample is in the pure R phase state
(Fig. 8). Two obvious stress plateaus, one at �50 MPa (arrow 1)
and the other at �250 MPa (arrow 2), can be observed during
loading (see Fig. 9c). The first plateau (arrow 1) corresponds to
the R-phase reorientation, and the second (arrow 2) corresponds
to the stress-induced transformation from R phase to martensite.
A similar phenomenon, termed ‘‘two-stage yielding’’, was observed
in Refs. [40,41]. Actually, this type of ‘‘yielding’’ is different from
the yielding as a result of plastic deformation by dislocation slip
(e.g. that in Fig. 6a), because the residual strain associated with this
type of ‘‘yielding’’ can recover on subsequent unloading and/or
heating. During unloading (Fig. 9c), all the strain remains unrecov-
erable, because the stress-induced martensite is thermodynami-
cally stable at this temperature (below As) (see Fig. 8). Upon
heating, full recovery of the residual strain occurs with the thermo-
dynamically stable martensite transforming to austenite.

At 223 K reached during cooling, martensite and R phase coexist
in the sample (Fig. 8). The stress–strain curve at this temperature
exhibits distinct ‘‘wavy’’ characteristics between 35 MPa and
100 MPa (indicated by arrows in the magnified view in the inset
of Fig. 9d) during loading, but no clearly separated stress plateaus
can be distinguished. The following processes are expected to
occur during loading: (1) reorientation of the martensite M1 (M1
is used to distinguish it from the stress-induced martensite trans-
formed from the coexisting R phase, M2), and (2) reorientation of
the R phase and subsequent stress-induced transformation from
R phase to martensite M2. However, at this temperature the critical
stresses for martensite reorientation, R phase reorientation, and
stress-induced transformation from R phase to martensite are all
relatively low and close to each other; thus, the stress plateaus
associated with these processes cannot be separated and, instead,
the distinct ‘‘wavy’’ characteristics appear (Fig. 9d). Upon unload-
ing, no strain recovery can be observed as the martensite reorien-
tation is irreversible and the stress-induced martensite from the R
phase is thermodynamically stable at this temperature (see Fig. 8).
Upon heating to 393 K, the residual strain recovers fully as both the
reoriented martensite M1 and the thermodynamically stable
stress-induced martensite M2 transform to austenite.

Further cooling to 178 K results in a pure martensitic state
(Fig. 8). There is a stress plateau at �200 MPa on the stress–strain
curve during loading (Fig. 9e), which corresponds to the martensite
reorientation. Upon unloading, the strain does not recover, owing
to the irreversibility of the martensite reorientation process. Upon
heating to 393 K, there is a full recovery of the residual strain with
the martensite transforming to austenite. It is seen from Fig. 9 that
the stress plateau (corresponding to either transformation from R
phase to martensite or martensite reorientation) in the stress–
strain curves first decreases and then increases with increasing
temperature; this is because: (i) at temperatures above the mar-
tensitic transformation temperature, higher stress is required for
stress-induced transformation if the test temperature is higher
(according to the Clausius–Clapeyron relation); and (ii) at temper-
atures below the martensitic transformation start temperature,
higher stress is needed to move the twin boundaries if the test
temperature is lower, as the twin boundaries are more mobile
around transformation temperatures. Correspondingly, the maxi-
mum applied stress for each stress–strain test, which was carefully
controlled so that all the characteristic features can be observed
and meanwhile no permanent plastic deformation by slip occurs,
shows the same general trend with varying temperature.
Please cite this article in press as: Cong DY et al. Thermomechanical properties
stress-assisted ageing. Acta Biomater (2014), http://dx.doi.org/10.1016/j.actbio
During heating, measurements were performed at 178, 223,
268, 298 and 323 K (Fig. 10). As can be seen, although the testing
temperatures are the same, the stress–strain curves are quite dif-
ferent depending on whether these testing temperatures are
reached during cooling or during heating (compare Fig. 10b with
Fig. 9d (223 K), Fig. 10c with Fig. 9c (268 K), and Fig. 10d with
Fig. 9a (298 K)). This clearly demonstrates the thermal history
dependence of the stress–strain behaviour. The origin of this
dependence lies in that the initial phases before loading are
different, even if the temperatures are the same, depending on
the thermal history. At all the temperatures of 178, 223 and 268 K
during heating (Fig. 10a–c), the sample is fully martensitic (as indi-
cated from Fig. 8), and shows qualitatively the same stress–strain
behaviour as that at 178 K reached during cooling (Fig. 9e).

After heating to 298 K, austenite and martensite coexist (see
Fig. 8). During loading, two kinks and a stress plateau appear
(Fig. 10d), corresponding to (1) reorientation of the martensite
M1 (arrow 1), and (2) stress-induced transformations, first from
austenite to R phase (arrow 2) and then to martensite M2 (arrow
3). After unloading, a major part of the strain recovers as part of
the martensite transforms back to austenite; however, a minor part
of the strain still remains unrecoverable, because part of martens-
ite is thermodynamically stable after unloading at this tempera-
ture (between As and Af). Upon heating, all the residual strain
recovers with martensite transforming to austenite.

Further heating to 323 K leads to the pure austenitic state. The
stress–strain curve (Fig. 10e) exhibits a kink and a stress plateau
during loading, corresponding to the stress-induced transforma-
tions from austenite to R phase (arrow 1) and from R phase to mar-
tensite (arrow 2), respectively. During unloading, about half the
strain recovers, while the other half remains unrecoverable. Upon
heating, part of the residual strain recovers, but the other part is
still unrecoverable. It should be noted that, at 323 K (above Af),
the stress-induced martensite is thermodynamically unstable, as
indicated from Fig. 8. Nevertheless, owing to the high critical stress
for stress-induced transformations at this temperature, localized
plastic deformation by slip occurs during the stress-induced trans-
formations and part of the stress-induced martensite is stabilized
by dislocation strain fields [21,37–39], while the other part of mar-
tensite can still transform back to austenite, which accounts for the
recoverable strain, during unloading; the permanent plastic defor-
mation and the stabilization of martensite account for the unrecov-
erable strain after unloading. Upon heating, the stabilized
martensite transforms back to austenite, leading to the recovery
of the residual strain; the unrecoverable residual strain is attrib-
uted to the permanent plastic deformation by slip. Considering
the occurrence of permanent plastic deformation, no further tests
were performed.

From Figs. 10e and 8, one can see that the critical stresses at
323 K for the stress-induced transformations from austenite to R
phase and from R phase to martensite are close to each other.
According to the phase diagram in Fig. 8, if one tests the sample
at an even higher temperature, e.g. 340 K, there will be a stress-
induced transformation directly from austenite to martensite
without passing through the intermediate R phase, because at this
temperature the critical stress for stress-induced transformation
from austenite to R phase is higher than that for transformation
from austenite to martensite; but in that case, the austenite may
already completely yield (owing to permanent plastic deforma-
tion) before reaching the high critical stress needed for stress-
induced transformation from austenite to martensite.

As demonstrated above, the present authors investigated in
detail the temperature- and thermal-history-dependent stress–
strain behaviour in different phase regions during both cooling
and heating, and established a stress–temperature phase diagram
to help explicitly interpret the thermomechanical behaviour in
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the precipitate-containing Ni–Ti alloys. The comprehensive infor-
mation obtained from this study is indeed very instructive for
designing functionalities for biomedical applications in different
temperature regions in SMAs.

3.4. Effect of ageing on low-temperature mechanical behaviour of
martensite

To investigate the effect of ageing on martensite reorientation,
the stress–strain curves of the samples aged at 773 K under
70 MPa for different time periods were measured at a low temper-
ature of 133 K, which is well below the martensitic transformation
temperatures of these samples. For each measurement, the sample
was first heated to 393 K and then cooled to 133 K for testing and,
after testing, the sample was heated again to 393 K to examine the
recovery of the residual strain (after unloading) on heating. Fig. 11a
shows the stress–strain curves at 133 K for the samples aged for
10, 15, 20, 30, 60 and 120 min, as well as that for the solution-trea-
ted sample. As can be seen, there is a stress plateau during loading
on each stress–strain curve, which corresponds to the martensite
reorientation via twin boundary movement. Upon unloading, the
(a

      (b)                                              

Fig. 11. (a) Tensile stress–strain curves at 133 K for the samples aged at 773 K for 10, 15
increasing ageing time, is placed at 2% strain to assist in estimating the critical stress for m
function of ageing time. The data for the solution-treated sample are also included in
martensite reorientation and the calculated increase in applied stress to overcome the b
planes (line II) as a function of volume fraction of precipitates.
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strain cannot recover, because the martensite reorientation
process is irreversible. Upon heating, the residual strain almost
fully recovers (for clarity, not shown in the figure) with martensite
transforming to austenite. It is seen that the length of the stress
plateau (the strain as a result of martensite reorientation) of the
solution-treated sample is larger than that of the aged samples,
as precipitation in the aged samples leads to the reduction in the
amount of Ni–Ti matrix.

It is clear from Fig. 11a that the stress plateau corresponding to
martensite reorientation becomes higher with prolonged ageing
time. As the stress–strain curve for martensite deviates from line-
arity from very low stress levels during loading (Fig. 11a and Refs.
[42,43]), for convenience, the critical stress for martensite reorien-
tation (denoted as rcr) is estimated as the stress at 2% strain (2%
strain is at the beginning of the steady stress plateau) (as indicated
by the dashed arrow in Fig. 11a). Fig. 11b shows the critical stress
for martensite reorientation (rcr) at 133 K as a function of ageing
time. Clearly, rcr increases monotonically with prolonged ageing
time; it first increases rapidly with ageing time increasing up to
30 min, and then increases relatively slowly as ageing time
increases further to 120 min. There is a considerable increase of
)

                                        (c) 

, 20, 30, 60 and 120 min under 70 MPa. A dashed arrow, pointing in the direction of
artensite reorientation. (b) Critical stress for martensite reorientation at 133 K as a

(a) and (b). (c) Experimental data (open symbols) for increase in critical stress for
ack stress for the cases with discs parallel to tensile axis (line I) and discs on cube
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104 MPa in rcr when comparing the rcr value for the sample aged
for 120 min (395 MPa) with that for the solution-treated sample
(291 MPa). This considerable increase in rcr is attributed to the
strong interactions between precipitates (developed by stress-
assisted ageing) and twin boundaries during martensite reorienta-
tion, which occurs via the movement of twin boundaries [6]. The
underlying mechanisms responsible for such interactions are dis-
cussed in Section 4.3.
4. Discussion

4.1. Ni4Ti3 precipitates in Ni-rich Ni–Ti alloys

Homogeneously distributed nanoscale precipitates were devel-
oped by stress-assisted ageing in slightly Ni-rich Ni–Ti wires in the
present study. In Ni-rich Ni–Ti alloys, Ni4Ti3 precipitates occur in
the B2 austenite matrix after appropriate heat treatments. These
precipitates have an ordered rhombohedral crystal structure with
a = 0.670 nm and a = 113.9� [44], or a = b = 1.124 nm and
c = 0.508 nm in the hexagonal description [45]. The orientation
relationship between the Ni4Ti3 precipitate in the hexagonal (H)
description and the B2 matrix (with a = 0.301 nm [46]) is:
(111)B2//(001)H, [321]B2//[100]H [44,45]; in this case, the [111]B2

direction corresponds to the normal of the central plane of the
lenticular precipitate [45]. Consequently, there can be eight
precipitate variants forming on the four f111gB2 planes; each two
variants share the same f111gB2 plane and are crystallographically
twin related [44], so the eight variants can be grouped into four
families (see Fig. 4 of Ref. [47]). Normally, only four different
orientations can be distinguished by conventional SEM [48], each
corresponding to one family of precipitates.

In an earlier study, all four possible families of precipitates were
observed in a conventionally aged Ni–Ti alloy [26]. However, in the
present study, only one or two families of Ni4Ti3 precipitates can be
observed in the samples subjected to stress-assisted ageing, as
shown in Figs. 1 and 2. This is because the formation of coherent
Ni4Ti3 precipitates results in coherency stress fields and the exter-
nal stress applied during ageing favours certain precipitate variants
[24,46]; consequently, there are fewer precipitate variants forming
during stress-assisted ageing than during conventional ageing.
4.2. Effect of precipitates on martensitic transformation temperatures

The martensitic and reverse transformation temperatures (Mp

and Ap) of the aged samples increase monotonically with increas-
ing ageing time (Figs. 4 and 5), which is attributed mainly to the
formation of precipitates induced by stress-assisted ageing. This
finding is in good agreement with the quite recent finite element
simulation result that precipitation as a result of ageing shifts
the phase transformation temperatures to higher values [49].
There have actually been many investigations on the effect of age-
ing on martensitic transformations [24–26]; nevertheless, the
underlying mechanisms responsible for this effect are still not well
understood. Most investigations attribute the effect of ageing on
transformation temperatures to the Ni depletion in the matrix as
a result of precipitate formation, and other factors are seldom con-
sidered. However, as discussed below, besides change in matrix
composition, contributions from other factors also play an impor-
tant role in affecting martensitic transformation temperatures.

The martensitic transformation temperature of Ni–Ti alloys is
known to be very sensitive to their chemical composition
[6,50,51]. As the Ni concentration of Ni4Ti3 precipitates cP

(57.14 at.%) is higher than that of the supersaturated matrix c0

(50.73 at.%), the formation of precipitates results in depletion of
Ni in the matrix. After the formation of precipitates with volume
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fraction Vf, the average Ni concentration of the matrix (cNi)
becomes
cNi ¼
c0 � Vf cP

1� Vf
ð1Þ

To find the correlation between composition and martensitic
transformation temperatures, the experimental data of Ms and c0

for solution-treated Ni–Ti alloys published in the literature
[41,51–59] (open circles) and obtained in the present study (filled
square) are shown in Fig. 12a. Solution-treated alloys are selected
because they are precipitate-free and their overall composition
reflects the actual composition in the matrix, i.e. cNi = c0 (for the
aged alloys reported in the literature, the actual matrix composi-
tion cannot be obtained from the published data therein). With
an approach similar to that used in Ref. [24], a fourth-degree poly-
nomial fit of the experimental data (Ms and x = 100cNi) shown in
Fig. 12a was performed (the fourth degree is the lowest degree
with which a reasonable fit can be obtained); the fitted results
are shown in Fig. 12a as a solid line. As suggested by Khalil-Allafi
et al. [24], the MpðxÞ curve can be obtained by shifting the fitted
MsðxÞ curve down to the experimental Mp value of the solution-
treated sample in the present study (filled square in Fig. 12a);
the MpðxÞ curve obtained is plotted as a dashed line in Fig. 12a.
However, the MpðxÞ data obtained above (Fig. 12a) are for the mar-
tensitic transformation from B2 austenite to B190 martensite in
solution-treated samples, which is different from the martensitic
transformation from R phase to B190 martensite in the samples
subjected to stress-assisted ageing. Therefore, these MpðxÞ data
cannot be compared directly with the experimental Mp values
(shown in Fig. 5) for the aged samples in the present study. Instead,
the focus is put on the austenitic transformation which, in both
solution-treated and aged samples, is from B190 martensite to B2
austenite; their Ap values are compared below.

According to Khalil-Allafi et al. [24], the Ap values can be esti-
mated from the MpðxÞ data. As shown in Fig. 3, the difference
between Ap and Mp of the solution-treated sample is 33 K. TheApðxÞ
curve is created by correcting the MpðxÞ curve by this amount (33 K)
and the ApðxÞ curve obtained is shown in Fig. 12b as a dashed line.
Based on the experimental data from the aged samples in the pres-
ent study, the actual Ni concentration of the matrix (cNi) in the aged
samples is calculated according to Eq. (1), using the Vf values shown
in Fig. 2d. The experimental Ap values (determined from the DSC
curves in Fig. 4c) of the aged samples are shown as a function of
cNi in Fig. 12b, with an enlarged view displayed in its inset. Clearly,
both the calculated ApðxÞ curve and the dependence of experimental
Ap on cNi show the same general trend: the transformation temper-
ature increases with decreasing Ni concentration (corresponding to
increasing ageing time and precipitate volume fraction). However,
the magnitudes of the experimental data and the calculated values
differ. The experimental Ap values of the aged samples are consider-
ably lower than the values expected from the Ni depletion in the
matrix as a result of precipitate formation; the difference amounts
to as much as 45 K for the sample aged for 120 min. This clearly
indicates that, besides matrix composition change, other factors
also play an important role in affecting the martensitic transforma-
tion temperatures of the aged samples; these factors actually
decrease the martensitic transformation temperatures while the
depletion of Ni in the matrix raises them. The most probable factor
is the coherency stress field induced by precipitation. This coher-
ency stress field inhibits martensitic transformation (as it imposes
a resistance to the lattice distortion produced by martensitic trans-
formation) and promotes reverse transformation, resulting in a
decrease in transformation temperatures [60,61]. Nevertheless,
the effect of the coherency stress field is smaller compared with
that of the depletion of Ni in the matrix, the competition of these
of Ni–Ti shape memory wires containing nanoscale precipitates induced by
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Fig. 12. (a) Martensitic transformation temperatures as a function of Ni concentration in solution-treated Ni–Ti alloys. The Ms(x) (x = 100cNi) curve (solid line) is a fourth-
degree polynomial fit of the experimental data published in Refs. [41,51–59] (open circles) and obtained in the present study (filled square). The Mp(x) curve (dashed line) is
obtained by shifting the Ms(x) curve down to the experimental Mp value of the solution-treated sample in the present study (filled square). (b) Ap(x) (x = 100cNi) curve (dashed
line) estimated from the Mp(x) data in (a) (the experimental Ap value of the solution-treated sample in the present study is shown as a filled square on this curve), and the
experimental Ap values of the aged samples in the present study (open circles) shown as a function of Ni concentration in the matrix (the inset demonstrates the enlarged
view, with the ageing time displayed beside the data points).
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two factors resulting in the overall increase in martensitic transfor-
mation temperatures with increasing ageing time. Further investi-
gations are needed to quantify to what extent the coherency stress
field can affect the martensitic transformation temperatures.

4.3. Effect of precipitates on twin boundary movement

As is well known, precipitation strengthening is an important
strengthening mechanism in metals and alloys. Over the past sev-
eral decades, there have been extensive investigations on the inter-
actions between precipitates and dislocations and their effect on
mechanical properties in metals and alloys with dislocation slip
as the deformation mode [62–65]. Nevertheless, there are fewer
studies on the interactions between precipitates and twin bound-
aries during twin growth. The only available investigations on
the effect of precipitates on twin growth are confined to deforma-
tion twins in, for example, Mg alloys [66,67]. To the best of the
present authors’ knowledge, there have been no investigations on
the mechanisms for interactions between precipitates and twin
boundaries during twin boundary movement in the case of trans-
formation twins (formed as a result of martensitic transformation).
Here, the mechanisms responsible for such interactions are
discussed, based on the effect of ageing on the critical stress for
martensite reorientation via twin boundary movement, which
was examined in Section 3.4.

It is acknowledged that twin boundary movement involves the
nucleation and glide of twinning dislocations, which are partial
dislocations characterized by a step in the twin interface and a
small Burgers vector, across the twinning plane [66,68]. Consider-
ing that the Ni4Ti3 precipitates are harder than the B2 austenite
[69] and the martensite [70], it is reasonable to assume that the
twinning partial dislocations bypass the precipitates leaving them
unsheared. In this sense, Orowan strengthening is one possible
mechanism for the interactions between precipitates and twin
boundaries during twin boundary movement, which give rise to
the increase in required critical stress (rcr). The Orowan stress
required for the twinning dislocations to bow around the
precipitates, also the increase in critical resolved shear stress
(CRSS), can be estimated as [71]

Ds ¼ GbT

k
ð2Þ
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where G is the shear modulus of the matrix, bT is the magnitude of
the Burgers vector for twinning dislocations, and k is the inter-
precipitate spacing.

The shear modulus of the martensite matrix G is estimated from
its Young’s modulus E, according to G ¼ E=2ð1þ mÞ (m is the Pois-
son’s ratio). The macroscopic Young’s modulus E of martensite in
Ni–Ti was reported to be 20–50 GPa [72] and, here, the mean value
of 35 GPa is taken. The Poisson’s ratio m was reported to be 0.35
[43,73]. Based on these values, G is estimated to be 13 GPa.

According to Christian and Mahajan [74], the magnitude of the
Burgers vector for the elementary twinning dislocations can be cal-
culated as bT = ds, where d is interplanar spacing of the twinning
plane K1, and s is the magnitude of twinning shear. In Ni–Ti, the
<011> type II twinning is the most commonly observed twinning
mode, with K1=(0.7205 1 1) and s = 0.28040 [75,76]. The interpla-
nar spacing of K1 is calculated with the lattice parameters of mar-
tensite, a = 0.2885 nm, b = 0.4120 nm, c = 0.4622 nm and b = 96.8�
[77], to be d = 0.25645 nm, according to

1

d2 ¼
1

sin2 b

h2

a2 þ
k2 sin2 b

b2 þ l2

c2 �
2hl cos b

ac

 !
ð3Þ

where h, k and l are the Miller indices of the crystallographic plane.
Based on the values of s and d, bT is calculated to be 0.0719 nm.

In accordance with Fig. 2c, an inter-precipitate spacing k of
�100 nm was taken for the sample aged at 773 K under 70 MPa
for 120 min. Substituting the above values of G, bT and k into Eq.
(2) yields a Ds value of 9.3 MPa. Assuming a Taylor factor of 3,
the increase in critical stress for twin boundary movement (rcr)
is calculated to be �28 MPa. Apparently, this is significantly lower
than the experimental value of 104 MPa (difference between the
rcr values for the sample aged for 120 min and for the solution-
treated sample, as presented in Section 3.4). Therefore, the Orowan
strengthening model of twinning dislocations is insufficient to
account for the increase in critical stress for twin boundary
movement resulting from the presence of precipitates. Other
factors should be considered.

As discussed below, back stress generation is likely to be the
mechanism for the interactions between precipitates and twin
boundaries during twin boundary movement. As the shear modu-
lus G of the Ni4Ti3 precipitates (39 GPa) [12] is higher than that of
martensite (13 GPa, as calculated above), the Ni4Ti3 precipitates
of Ni–Ti shape memory wires containing nanoscale precipitates induced by
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are stiffer than martensite. Thus, it is reasonable to assume that the
precipitates are only elastically deformed during twin boundary
movement. Since the material is deformed by simple shear during
twin boundary movement, application of the twinning shear alone
will result in a plastic strain discontinuity at the precipitate–matrix
interface when the precipitates remain unsheared [66]. In order to
moderate this strain discontinuity to produce a continuous strain
field, a uniform mean stress in the matrix that opposes the stress
causing plastic deformation, which is called back stress, is gener-
ated by the rigid elastically deforming precipitates [66,71,78,79].
This back stress must be overcome by the applied stress to con-
tinue deformation. For matrix and precipitates with different shear
modulus, provided that there is no plastic relaxation, the back
stress is given by [78]

s ¼ 2cDGmVf ep ð4Þ

where c is the accommodation factor, Gm is the shear modulus of
the martensite matrix, Vf is the volume fraction of precipitates, ep

is the amount of tensile plastic strain, and D is the modulus correc-
tion factor.

The disc-like shape of precipitates is used for back stress esti-
mation. Taking into account the images taken on the cross section
of the wire samples (Fig. 2), the case with discs parallel to the ten-
sile axis is first considered, which yields the upper extreme of the
predicted back stress. In this case, c is taken to be 3=4 according to
Ref. [78], and D is estimated to be 3, with D = Gp/Gm (Gp and Gm

are the shear moduli of precipitate and martensite matrix, respec-
tively; Gp = 39 GPa and Gm = 13 GPa, as mentioned earlier) [78]. For
the sample aged at 773 K under 70 MPa for 120 min, Vf is 0.125, as
given in Fig. 2d. The amount of plastic strain ep at 2% strain, at
which the critical stress for martensite reorientation is determined,
is estimated to be 1.38% (the total strain, 2%, subtracted by the
elastic portion) for the sample aged for 120 min (note that this
plastic strain can recover on heating). Substituting the above val-
ues of c, D, Gm, Vf and ep into Eq. (4) yields a s value of 101 MPa.
Using the Tresca criterion as the yield criterion [78], the increase
in applied stress to continue deformation is Dr ¼ 2s=202 MPa for
the sample aged for 120 min.

Then, the case with discs on cube planes is considered, which
leads to the lower extreme of the predicted back stress. In this case
c is estimated, with c ¼ ð2� mÞ=4ð1� vÞ [78], to be 0.635, and D is
estimated to be 1.734, according to the following relation for discs
on cube planes [78]

D ¼ Gp

Gp � cðGp � GmÞ
ð5Þ

Substituting the values of c, D, Gm, Vf and ep for the sample aged
for 120 min into Eq. (4) yields a s value of 49 MPa. With the Tresca
criterion, Dr is estimated as 2s=98 MPa. The increase in applied
stress to overcome the back stress for further deformation should
be between the two extremes, i.e. in the range 98–202 MPa for
the sample aged for 120 min. This is on the same order of the
experimental value of 104 MPa (increase in rcr when comparing
the sample aged for 120 min and the solution-treated sample).

Fig. 11c shows the increase in applied stress calculated for the
cases with discs parallel to tensile axis (line I) and discs on cube
planes (line II) as a function of Vf, as well as the experimental data
(open symbols) for all the aged samples. The predicted increase in
applied stress that is needed to overcome the back stress should, in
principle, lie between line I and line II. Clearly, the predicted values
and the experimental data have the same order of magnitude.
Nevertheless, the predicted values are in general larger than the
experimental ones, which might indicate the occurrence of local
plastic relaxation (by dislocation slip) at the matrix–precipitate
interface. In principle, the resulting plastic deformation is
Please cite this article in press as: Cong DY et al. Thermomechanical properties
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unrecoverable on heating, but the extent of plastic relaxation
may be so trivial that it does not inhibit the full recovery of resid-
ual strain on heating, as observed experimentally. Based on the
above discussion, it becomes clear that the back stress generation
is the predominant mechanism for the interactions between
precipitates and twin boundaries that give rise to the increase in
critical stress for twin boundary movement.
5. Summary and conclusions

A high density of homogeneously distributed nanoscale Ni4Ti3

precipitates was developed during stress-assisted ageing at 773 K
under 70 MPa in the slightly Ni-rich Ni50.73Ti49.27 shape memory
wires. Both the size and volume fraction of precipitates increased
with prolonged ageing time. The phase transformation behaviour
and thermomechanical properties of these precipitate-containing
samples were systematically investigated. All the samples sub-
jected to stress-assisted ageing exhibited two-step transformations
during cooling and a single step transformation during heating. Both
the martensitic and reverse transformation temperatures increased
monotonically as ageing time increased; but the R-phase transfor-
mation temperature did not depend strongly on ageing time.

The temperature- and thermal-history-dependent mechanical
properties of the samples subjected to stress-assisted ageing were
comprehensively examined. The underlying mechanisms responsi-
ble for the stress–strain behaviour in different phase regions both
during cooling and during heating were elucidated with the help of
the stress–temperature phase diagram established based on the
strain–temperature behaviour under different applied stresses.
The establishment of the phase diagram and the interpretation of
the temperature-dependent stress–strain behaviour are indeed
very instructive for designing SMAs with different functionalities
for biomedical applications.

The effect of precipitates on twin boundary movement in the
case of transformation twins was explored for the first time, and
the underlying mechanism for this effect was elucidated. Mechan-
ical testing at the very low temperature of 133 K revealed that the
critical stress for twin boundary movement (rcr) increased with
increasing ageing time. There was a considerable increase of
104 MPa in rcr when comparing the sample aged at 773 K for
120 min under 70 MPa with the solution-treated sample. This is
attributed to the presence of precipitates. The Orowan strengthen-
ing model of twinning dislocations is insufficient to account for the
increase in rcr resulting from the presence of precipitates. The back
stress generation is the predominant mechanism for the interac-
tions between precipitates and twin boundaries during twin
boundary movement, which give rise to the increase in rcr . These
results contribute to deepening the understanding of the deforma-
tion mechanisms of martensite in precipitation-strengthened SMAs
and are useful for developing high-performance biomedical SMAs.
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