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Influence of thermomechanical processing on the superelastic
properties of a Ni-rich Nitinol shape memory alloy
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c Société Minitubes SA, ZAC Technisud, 21 Rue J.Vaujany, BP 2529, F38035 Grenoble Cedex 2, France

Received 5 January 2006; received in revised form 13 April 2006; accepted 3 May 2006

Abstract

Ni-rich NiTi shape memory alloys usually undergo a series of thermomechanical treatment in their production and component fabrication
processes. Comprehension of property changes and microstructural evolutions induced by these treatments is essential for quality control and
improvement of these materials. The effect of controlled ageing for prolonged times (of the order of several hours) has been extensively investigated
in the literature. This study investigates the effect of actual production processes of NiTi tubing, which often involve thermomechanical treatment
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or multiple periods of short durations and which are typical of industrial production routines of devices like stents, on the transformation and
eformation behaviour of a Ti–50.8 at%Ni alloy. Evolution of the properties is characterized by DSC measurements and by tensile testing at 310 K.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Near-equiatomic NiTi alloys, also known as Nitinol, have
ound growing application in medical stents for implantation
n the human body, due to its good corrosion resistance in
hysiological environments and unique superelastic behaviour
ompared to the currently used materials of stainless steels.
hese stents are deployed in application in superelastic state, so

o enable instantaneous self-restoration of the designed shape
fter each pulse contraction. For this purpose stents are usually
anufactured using Ni-rich NiTi alloys and certain heat treat-
ent is applied to the final product to optimize the superelastic

roperties at the human body temperature, commonly an age-
ng treatment. These stents can be produced either through the
xpansion of a pattern cut from a small tube or by cutting the
eployed design on a tube of a larger diameter [1]. The two
anufacturing methods, referred to as the “pre-cut” for the for-
er and “pre-expanded” for the later, are schematically shown

n Fig. 1. A single heat treatment at temperatures near 775 K
s usually applied in the production of the pre-expanded stents

whereas the fabrication of pre-cut stents requires a succession
of post-cutting expansion and heat treatment. The single heat
treatment for the pre-expanded stents is a simple ageing pro-
cess, whereas that of the pre-cut stents, on the other hand, is
more complicated. The expansion of the cut stents exerts inho-
mogeneous stress and strain states in different parts of the stent.
Correspondingly, ageing under this condition creates the free
ageing condition for the straight sections and the constrained
ageing condition [2] for the bent joining points of the stent. In a
previous study [3], it has been shown by using differential scan-
ning calorimetry (DSC) measurements that the pre-expanded
manufacturing process led to a homogeneous two-stage trans-
formation behaviour of A → R → M of the stent material with
a good homogeneity of material properties within each single
stent whereas the pre-cut manufacturing process led to inhomo-
geneous material properties for each single stent.

As processing of medical devices using NiTi often involves
thermomechanical treatments, comprehension of property
changes and microstructural evolutions induced by these treat-
ments is essential. It is known that most commercial NiTi alloys
are Ni-rich and are capable of developing Ti3Ni4 precipitates.
∗ Corresponding author. Tel.: +33 4 76 82 70 42; fax: +33 4 76 82 70 43.
E-mail address: Denis.Favier@hmg.inpg.fr (D. Favier).

These fine and coherent precipitates affect both the transfor-
mation and mechanical properties of Nitinol [4,5]. Laboratory
ageing treatment for prolonged times has been extensively inves-
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Fig. 1. The pre-cut and the pre-expanded manufacturing routes for the produc-
tion of stents.

tigated. It has been shown that under certain ageing conditions,
Ni-rich NiTi alloys may develop unusual multiple-stage trans-
formation behaviour [6–9]. In the production of the pre-cut stents
concerned in this study, three-stage transformation behaviour
[3] was observed. The present investigation is concerned with
shorter-term thermomechanical treatment processes that are typ-
ical of industrial production routines for devices like stents.

2. Experimental procedure

2.1. Material and thermomechanical ageing treatment

Binary Ti–50.8 at%Ni thin-walled tubes of 6 mm inner diam-
eter d0 and 0.12 mm wall thickness were used in this study. These
tubes were produced in straight lengths of several meters by hot
drawing with intermediate annealing and final cold drawing by
Minitubes SA (France).

Specimens of 115 mm length were cut from these tubes. Age-
ing treatments were performed by submerging these specimens

in a salt bath at 500 ◦C for various times, followed by quenching
into water at room temperature. Two different ageing condi-
tions were used, free ageing and constrained ageing at constant
strains. The procedure for the free ageing treatment is illus-
trated in Fig. 2a. This treatment consisted of one, two or three
successive heat treatments at 773 K for times of t1, t2, t3 min
for the first, second and third heat treatments, respectively. The
procedure of the constrained ageing was more complicated, as
shown in Fig. 2b. It constituted of 1, 2 or 3 sequences. Each
sequence i started with applying a homogeneous radial strain
εi, realized by inserting a stainless steel rod of diameter di
inside the tube at room temperature. Three rod diameters were
used: d1 = 6.15 mm, d2 = 6.30 mm and d3 = 6.45 mm, leading to
cumulated radial strains of ε1 = 2.5%, ε2 = 5% and ε3 = 7.5%,
respectively. The rod and the tube were then submerged in the
salt bath for ti min. The assembly was then removed from the
salt bath at the end of the treatment and quenched in water before
the steel rod was removed from the tube.

For the two types of ageing procedures, ageing times ti ranged
from 1 to 5 min leading to cumulated ageing times ranging from
1 to 15 min.

2.2. DSC measurements and tension tests

The transformation behaviour of the aged tubes was studied
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Fig. 2. (a) Free ageing and (b) cons
sing DSC. Mechanical behaviour was studied in tensile test-
ng. DSC specimens were cut using a low speed diamond cut-off
heel from aged tubes as thin annular strips of 1.3 mm in width

nd ∼5 mm in length. The samples were cut at 10 mm from the
nd of tubes to avoid property and microstructure inhomogene-
ty. Several such strips of total mass of ∼20 mg were sealed in
l sample pan to make each sample. The remaining section of

d ageing routines for Nitinol tubes.
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Fig. 3. Sampling of the tension and DSC specimens.

100 mm in length was used as the sample for tensile testing. Due
to the gripping system, the gauge length of the tensile sample
was approximately 80 mm. The sampling of the tensile and DSC
specimens is schematically shown in Fig. 3.

For the DSC measurement, the sample was first equilibrated
at 173 K in N atmosphere. The measurement started by heating
to 373 K and the heating/cooling rate was 10 K/min. Tensile
tests were performed at 310 K in water using a Huber HS 900
ultracryothermostat for temperature control with an accuracy of
±0.2 K [10]. To minimize the thermal effect associated with the
martensitic transformation on the mechanical behaviour, all tests
were performed with low strain rates of 2 × 10−4 s−1. A grip
system has been designed to perform tensile tests of tubes [11].

3. Results

3.1. Thermal transformation—influence of the ageing
condition

Fig. 4 shows the thermal transformation behaviour of three
specimens. Specimen (a) was in the as-manufactured state. Spec-
imen (b) was after three consecutive free ageing treatments,
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with t1 = t2 = t3 = 5 min. Specimen (c) was after three consecutive
constrained ageing treatments, with ε1 = 2.5% and t1 = 5 min,
ε2 = 5% and t2 = 5 min, and ε3 = 7.5% and t3 = 5 min. The as-
manufactured tube exhibited two transformations on cooling,
from austenite to the R phase (A → R) and then from the R
phase to martensite (R → M). The reverse transformation on
heating also occurred in two steps, from martensite to the R
phase (M → R) and then from the R phase to austenite (R → A).
The latent heats of the transformations are extremely small, with
�HA–R = 4.15 J/g and �HR–M = 1.5 J/g, as determined for the
forward transformations.

The free-aged sample largely preserved the transformation
sequence of A → R → M on cooling and M → R → A on heat-
ing. However, clear changes are noticeable. The transformation
thermal peaks were much enlarged relative to the virgin tube
material. The latent heats for the forward transformations were
measured to be �HA–R = 5.15 J/g and �HR–M = 6.0 J/g. In addi-
tion, the A → R shifted slightly to a lower temperature whereas
the R → M transformation moved higher. The two reverse trans-
formations became much overlapped.

The sample aged under constraint exhibited further evolution
in transformation behaviour, despite the fact that the ageing tem-
perature, number of ageing sessions and the total ageing time
were identical to those of the free-aged sample. The R → M
transformation shifted further to higher temperature and the
reverse transformations practically combined into one transfor-
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ig. 4. Transformation behaviour of as-manufactured (a), free-aged (b) and
onstrained-aged (c) Ti–50.8 at%Ni thin wall tubes (cumulated ageing time of
5 min).
ation of M → A, with only a very faint shoulder to the high
emperature side, signifying trace amount of the R → A trans-
ormation. Latent heats of the transformations were measured
o be �HA–R = 5.25 J/g and �HR–M = 7.3 J/g.

.2. Superelastic behaviour at 310 K—influence of the
geing condition

Fig. 5 shows the engineering stress–strain curves of the
ame three tubes as shown in Fig. 4. All three samples showed
ear complete pseudoelastic recovery after pre-deformation to

ig. 5. Superelastic behaviour of as-manufactured (a), free-aged (b) and
onstrained-aged (c) Ti–50.8 at%Ni thin wall tubes (cumulated ageing time of
5 min).
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8% in tension, with near perfect Lüders-type deformation dur-
ing stress-induced A ↔ M transformation on both loading and
unloading. There was no obvious sign of the A ↔ R transforma-
tion. The critical stresses for the forward and the reverse trans-
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formations were lowered after the ageing treatments, whereas
the pseudoelastic hysteresis appeared to remain unchanged, at
�σ = 190 MPa. The continuation of the decreases in the criti-
cal stresses from the free-aged sample to the constrained-aged
sample is consistent with the continued evolution of the trans-
formation behaviour shown in Fig. 4.

3.3. Influence of ageing time on the thermal transformation
and superelastic behaviour

Fig. 6 shows the effects of ageing time on the transformation
temperatures for the two ageing conditions, with (a) showing
TA–R, (b) showing TR–M and (c) showing TM–R. As evident in
Fig. 4, there was much overlapping between M → R and R → A
transformations, particularly for long ageing times. Therefore,
TM–R temperature may also express the TM–A temperature. It is
seen that ageing under both the free and constrained conditions
caused an immediate decrease of TA–R within the first few min-
utes. This is believed to be associated with an anneal effect from
the virgin state, which contained high density of dislocation.
Continued ageing led to a gradual increase of the transforma-
tion temperature. TR–M, on the other hand, showed increase with
ageing time, as shown in Fig. 6b. This increase occurred after
a first initial decrease in the case of constrained ageing. The
temperatures of the reverse transformations also increased with
i
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ig. 6. (a–c) Influence of the cumulated ageing time on the transformation
emperatures for free ageing (dashed lines and open squares) and constrained
continuous lines and solid squares) ageing conditions.
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ncreasing ageing time. These observations agree with previous
tudies and are consistent with the expectation for a decrease in
he Ni content in the matrix [7,10]. It is interesting to note that
n all three cases, the effect of the constrained ageing appeared
o be more pronounced than that of the free ageing.

Fig. 7 shows the effect of ageing time on the critical stresses
or the forward and the reverse transformations of the superelas-
icity. It is seen that in both cases of free ageing and constrained
geing, both the critical stress for the forward transformation,
A–M, and that for the reverse transformation, σM–A, decreased
ith increasing ageing time. These decreases occurred after first

ig. 7. Influence of the cumulated ageing time on the critical stresses for the
orward and the reverse martensitic transformations of superelasticity at 310 K
or free ageing (dashed lines and open squares/circles) and constrained ageing
continuous lines and solid squares/circles) conditions.
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Fig. 8. Thermodynamic expression of the transformation temperatures.

initial increases in the case of constrained ageing. These small
increases of the critical stresses at the beginning of ageing for
the case under constraint correspond well to the initial decrease
of TM–R shown in Fig. 6. Once again, the decrease of the stresses
for the case of constrained ageing was more pronounced than
that for the case of free ageing. A decrease in the critical stress
for stress-induced martensitic transformation at a given tem-
perature corresponds to an increase in the critical temperature
for the corresponding martensitic transformation. In this regard,
this observation is consistent with the increases of the critical
temperatures for the transformations shown in Fig. 6.

4. Discussion

4.1. Effect of ageing on critical stress for superelasticity

It is evident in Fig. 7 that ageing caused a continuous decrease
of the critical stresses for superelasticity. In principle, there exist
two possible causes for decrease of the critical stresses of supere-
lasticity at a given temperature: (i) softening of the matrix and
(ii) increase of the transformation temperature. The stress–strain
curves shown in Fig. 5 indicate that the superelastic deforma-
tion proceeded via stress-induced A → M transformation. The
DSC measurements shown in Fig. 4 demonstrate that the A → M
transformation was prohibited during thermally induced trans-
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Under the condition that �GA–M = 0, the following relation is
established:

TA–M = �HA–M

SM − SA = �HA–M

(SM − SR) + (SR − SA)
. (2)

Similarly, the critical temperatures for the A → R and R → M
transformation may be expressed as:

TA–R = �HA–R

SR − SA , (3)

and

TR–M = �HR–M

SM − SR . (4)

Consequently,

TA–M = �HA–M

((�HA–R)/(TA–R)) + ((�HR–M)/(TR–M))
. (5)

The parameters �HA–R, TA–R, �HR–M and TR–M are experimen-
tally determined from the DSC measurements. Since enthalpy
H is a state function, it follows that �HA–M = �HA–R + �HR–M.
The TA–M temperatures calculated using Eq. (5), with
�HA–R = 6/Jg and �HR–M = 14/Jg [18], are shown in Fig. 9a

Fig. 9. Critical temperatures TA–M (open squares) for A → M transformation as
calculated according to Eq. (5); (a) free ageing and (b) constrained ageing.
ormation by the A → R → M transformations on cooling. This
ituation may be schematically illustrated, in thermodynamic
ontext [17], as in Fig. 8. Therefore, direct co-relation between
A–M determined from the mechanical testing and the corre-
ponding TA–M, which is not measured by DSC, is impossible,
ence the differentiation of the two effects mentioned above.
owever, based on the thermodynamic principles expressed
elow, TA–M may be estimated from the measurements of TA–R
nd TR–M.

The free energy exchange between the austenite and the
artensite may be expressed as:

GA–M = �HA–M − TA–M(SM − SA). (1)
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for the free-aged samples and Fig. 9b for the constrained-aged
samples. It is seen that TA–M thus calculated exhibits similar
trends of evolution as that of TR–M in both cases, and appears in
between TA–R and TR–M, as expected.

It is known that the critical stress for stress-induced marten-
sitic transformation at a given temperature is related to the
critical temperature of the transformation, or more precisely is
linearly dependent on the temperature difference between the
testing temperature and the critical transformation temperature,
as expressed below:

σA–M = k(T − TA–M), (6)

where k is the linear constant defined by the Clausius–Clapeyron
equation for the martensitic transformation. Using a typical
value of k = 5.5 MPa/K for precipitation hardened Ni-rich NiTi
alloys [11,12], the σA–M at the testing temperature T = 310 K is
estimated from (6) and shown in Fig. 10 for both the free-aged
and the constrained-aged samples. In the case of free ageing, the
calculated curve appears to drop below the experimental curve
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with increasing ageing time, suggesting an increased effect of
matrix strengthening. In the case of constrained ageing, the cal-
culated and the experimentally measured data practically fall
onto the same curve, indicating that the evolution of the TA–M
temperature was the cause of the decrease in σA–M with increas-
ing ageing time.

4.2. Comparison between free ageing and constrained
ageing

It is seen in Figs. 4–7 that the influences on the transformation
and mechanical behaviour of the alloy are stronger for the con-
strained ageing than for the free ageing. For equal ageing time,
the increase of the martensitic transformation temperatures and
the corresponding decrease of the transformation stresses are
more pronounced for the case of constrained ageing, indicat-
ing a faster ageing kinetics. There is very limited information
on the direct comparison of ageing kinetics [13] between these
two processes in the literature. This observation may be ratio-
nalized on the basis of internal stress interaction between the
Ti3Ni4 precipitates and the applied stress during the constrained
ageing. It is known that Ti3Ni4 precipitates, which are formed
in lenticular shapes, are coherent with the matrix and exert an
anisotropic stress field within its vicinity, with a compressive
stress in the normal direction of the lenticular discs of the pre-
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ig. 10. Critical stress (open square) at testing temperature T = 310 K for induc-
ng A → M transformation as estimated according to Eq. (6) from the TA–M

emperature shown in Fig. 9; (a) free ageing and (b) constrained ageing. Com-
arison with experimental critical stresses (solid squares).

(

R

ipitates [14]. An applied stress will encourage the formation of
uch precipitates preferentially aligned with the external tensile
tress perpendicular to the external compressive stress to relax
he internal stresses [2,15,16]. In addition, an elastically strained
atrix is expected to have faster diffusion rate due to the lattice

xpansion, which facilitates the faster ageing process in the case
f constrained ageing.

. Conclusions

1) Ageing Ti–50.8 at%Ni at 773 K for short times of the order
of a few minutes led to an increase of the critical tempera-
tures for both R → M and A → M transformations and to a
decrease of the critical stress for inducing martensitic trans-
formation at a given temperature.

2) The decrease of the critical stress was predominantly caused
by the increase in the transformation temperatures, instead
of softening of the matrix.

3) For constrained-aged specimen, small initial decreases of
the transformation temperatures at the beginning of ageing
corresponded well to a small initial increase of the critical
stress.

4) The effects of constrained ageing are more pronounced than
those of free ageing.
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