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bstract

In this study an experimental characterization of NiTi wires has been performed by calorimetric and electrical measurements. The evaluation of
ransition temperatures has been conducted by differential scanning calorimetry (DSC) analysis and electrical resistivity measurements. The latter
ethod has been demonstrated to be a very useful technique for the identification of transition phases that are not detectable from calorimetric
nalysis. Moreover, calorimetric and electrical method have been used in order to quantify converted fractions of Martensite and R-phases as a
unction of temperature.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Shape memory alloys exhibit some unique properties such
s recovering macroscopic shapes previously imposed at a char-
cteristic temperature or by particular loading cycles. Nitinol,
NiTi binary alloy, is the most commercially viable shape
emory alloy because of its superior mechanical properties and

hemical resistance.
The phenomenon related to the temperature effect is known

s shape memory effect. This particular effect involves ther-
oelastic reversible crystallographic phase transformation from

igh-temperature phase (B2), named Austenite (A), to a low-
emperature phase (monoclin), named Martensite (M) [1].
nother important effect showed by shape memory alloys is the
seudoelastic effect, based on a shape recovery by an unload-
ng cycle at a particular temperature. This effect is related to a
eversible microstructural deformation mechanism, known as
tress induced transformation that generates a phase named
tress induced Martensite.
In addition to Austenite and Martensite, in some special
ases, an intermediate phase known as R-phase, having a trigonal
rystal structure is present in the alloy during the cooling. The
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resence of R-phase is related to alloy’s composition, thermal
istory and manufacturing. In these cases, the direct transforma-
ion is a two-stage process: Austenite phase at high-temperature
ransforms to intermediate R-phase and then to Martensite, the
ow-temperature phase.

The effect of heat treatment and thermal cycling on the var-
ous NiTi phases under stress free condition have been widely
tudied by Uchil et al. [2,3] which found that R-phase can form
n a specified range of heat treatment temperatures depending
n the particular alloy’s composition.

The transformation behavior can be studied by different
ools such as electrical resistivity [4–10], differential scanning
alorimetry (DSC) [11,12], internal friction measurement [13],
agnetic susceptibility [14,15], and thermoelectric power [16].
In particular, some authors [2,3,7–10] showed that electri-

al resistivity measurements can be a useful and good probe
or the identification of both temperature and stress induced
ransformations involving SMA crystallographic phases. Uchil
t al. [2] investigated 40% cold-worked Nitinol phase trans-
ormations as a function of heat treatment by measuring
lectrical resistivity variations with temperature, finding that
lectrical resistivity measurement is a very effective method

or the understanding of shape memory transformations in
iTi under stress free condition. They observed that resis-

ivity increases at Martensite → Austenite and decreases at
ustenite → Martensite transformations. Moreover, if R-phase

mailto:vinanton@unina.it
dx.doi.org/10.1016/j.tca.2007.05.024
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s present, resistivity approaches to a maximum value and dur-
ng the cooling step, when resistivity increases, it is possible to
valuate R-phase start and finish temperatures.

In the present study, a thermal and electrical characterization
f two different alloys Ni55.4Ti44.6 and Ni54.8Ti45.2 in form of
ires has been performed. Transition temperatures have been
etermined by calorimetric measurements (DSC), that clearly
evealed the presence of R-phase only in Ni55.4Ti44.6 alloy dur-
ng the cooling step. Electrical resistance measurements have
een carried out in order to study the transformation behavior
nd compare it with calorimetric results. Electrical resistance as
unction of temperature shows similar behavior for both the two
lloys during the cooling: a rapid and large increase correspond-
ng to the transformation from Austenite to R-phase. Moreover,
he transformation degree of NiTi different phases during the
hole thermal cycle (heating and cooling) has been evaluated
oth from DSC and resistivity data finding a good agreement
etween them. The comparison between calorimetric and elec-
rical measurements pointes out the importance of temperature
ependence of NiTi electrical resistance for the identification of
articular transformation that otherwise could not be identifiable
y calorimetric techniques.

. Experimental

.1. DSC analysis

Two different Nitinol alloys, Ni55.4Ti44.6 and Ni54.8Ti45.2 in
orm of wire of 0.5 mm and 0.38 mm diameter respectively, have
een purchased by Memory-Metalle GMBH.

Calorimetric analysis has been performed by employing a
SC TA Instruments 2920 under dynamic conditions using
constant rate of heating and cooling of 10 ◦C/min. Heat-

ow vs. temperature curves are shown in Figs. 1 and 2 for
i55.4Ti44.6 and Ni54.8Ti45.2 alloys respectively. In order to eval-

ate Ni54.8Ti45.2 transition temperatures, the alloy has been
ubjected to a thermal cycle: cooling from room temperature
own to −30 ◦C and then heating up to 210 ◦C. Heat-flow curve
s characterized by an endothermic transition during heating due

Fig. 1. Ni55.4Ti44.6 heat flow vs. temperature curve.
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Fig. 2. Ni54.8Ti45.2 heat flow vs. temperature curve.

o the formation of Austenite phase, defined by a start tem-
erature (As = 43.7 ◦C) and a finish temperature (Af = 64.7 ◦C).
uring the cooling, two exothermic transitions are present cor-

esponding to Austenite → R-phase and R-phase → Martensite
ransitions, defined respectively by a R-phase start transition
emperature (Rs = 51.0 ◦C) and a R-phase finish transition tem-
erature (Rf = 33.8 ◦C) (Table 1). For each transition it is also
ossible to define a peak temperature, corresponding to the max-
mum temperature reached during the phase transformation and
dentified by the subscript “p” in Table 1. In order to verify alloy’s
ransition temperatures, the sample has been subjected to further
eating cycle up to 210 ◦C. A down shift of Austenite transition
eak, Ap from 64.4 ◦C down to 58.4 ◦C has been found during
his second cycle, confirmed by further heating–cooling cycles.
tart and finish transition temperatures of Ni55.4Ti44.6 alloy have
een evaluated from heat-flow curve and summarized in Table 1.

In order to evaluate Ni54.8Ti45.2 transition temperatures, the
ample has been heated from environmental temperature up to
50 ◦C and then cooled down to −30 ◦C. During the heating,

eat-flow curve is characterized by an endothermic transition
ue to the formation of Austenite phase defined by an Austenite
tart temperature (As = 66.7 ◦C) and an Austenite finish tem-
erature (Af = 85.0 ◦C). The cooling curve is characterized by

able 1
i55.4Ti44.6 transition temperatures evaluated from DSC data

artensite → Austenite
As 43.6 ◦C
Ap 58.4 ◦C
Af 64.7 ◦C

ustenite → R-phase
Rs 51.0 ◦C
Rp 46.3 ◦C
Rf 33.8 ◦C

-phase → Martensite
Ms 9.78 ◦C
Mp 4.71 ◦C
Mf −12.8 ◦C
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Table 2
Ni54.8Ti45.2transition temperatures evaluated from DSC data

Martensite → Austenite
As 66.7 ◦C
Ap 75.8 ◦C
Af 85.0 ◦C

Austenite → Martensite
Ms 72.7 ◦C
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Fig. 4 and summarized in Table 3. These values are quite sim-
ilar to temperature values obtained from calorimetric test with
Mp 47.5 ◦C
Mf 31.1 ◦C

he presence of a single exothermic transition due to the for-
ation of Martensite from Austenite, defined by a Martensite

tart temperature (Ms = 72.7) and a Martensite finish temperature
Mf = 31.1 ◦C). The confirmation of transition temperatures has
een carried out by increasing the temperature after the last cool-
ng. As for the other alloy, this material exhibits a down shift of
ustenite transition peak from 78.2 ◦C to 75.8 ◦C (Ap) (Table 2).
able 2 summarizes all transition temperature for Ni54.8Ti45.2
lloy.

.2. Electrical resistance measurements

Electrical resistance (ER) measurements have been carried
ut using a home made four probes set-up. This electrical
onfiguration is useful to remove contact resistances influence
etween NiTi sample and probes. A current generator has been
uilt as supplier for the electrical system, with a current of
78 �A ± 0.1% and a temperature sensitivity of 10 ppm/◦C. This
urrent circulating in the wire influenced SMA wires tempera-
ure less than 0.1 ◦C, which was the accuracy of all temperature

easurements. Because of the very low NiTi wires resistance,
low noise signal amplifier has been built (supply = +9 V to
V referred to the ground; gain factor = 1025 ± 2%; band-
idth = 25 kHz) in order to amplify voltage values acquired.
ll measurements were acquired using National Instruments
AQ-PAD 6052E and Labview.

In order to study temperature dependence of NiTi resistivity,
ll samples have been heated and cooled in a thermostatic cham-
er at a constant rate of 10 ◦C/min and 2 ◦C/min respectively and
sing liquid nitrogen for temperature below 25 ◦C. Fig. 3 shows
schematic of the electrical resistivity measurements set-up.

Electrical resistivity ρ of a wire of length L and cross-

ectional area A has been evaluated as

= V

I

A

L
(1)

Fig. 3. Electrical resistivity measurements experimental set-up.
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ig. 4. Electrical resistivity vs. temperature diagram of Ni55.4Ti44.6 alloy.

here I is the current value and V is the voltage value measured
uring the thermal cycles.

. Experimental results and discussion

.1. Ni55.4Ti44.6 alloy

Ni55.4Ti44.6 electrical resistivity has been measured in the
emperature range −20 ◦C to 110 ◦C. Fig. 4 shows the resistivity
ersus temperature diagram for heating and cooling.

A typical NiTi resistivity curve during heating was found,
ointing out the transformation from Martensite to Austenite.
esistivity measurements started from −20 ◦C, below Marten-

ite finish temperature (around −10 ◦C), and hence no trace of
-phase is present in the sample. Temperature variation of elec-

rical resistivity in this first heating is linear and only two slight
lope changes are present in correspondence of Austenite start
nd finish temperatures. During the cooling, resistivity curve
s characterized by a “cap” due to the presence of R-phase in
he transition Austenite → R-phase → Martensite and defined
t higher temperatures by Rs and Rf and at lower temperatures
y Mf and Ms [2,3,7]. Transition temperatures are evidenced in
ifferences less than 2 ◦C.

able 3
i5.4Ti44.6 transition temperatures evaluated from resistivity data

artensite → Austenite
As 42.8 ◦C
Af 66.3 ◦C

ustenite → R-phase
Rs 52.5 ◦C
Rf 33.4 ◦C

-phase → Martensite
Ms 10.7 ◦C
Mf −11.6 ◦C
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Fig. 5. Comparison between phase fractions evaluated from DSC data and ER
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curve and resistivity data using the same procedure used for the
first alloy. M + R fraction has been evaluated from resistivity

Table 4
Ni54.8Ti45.2 transition temperatures evaluated from resistivity data

Martensite → Austenite
As 68.6 ◦C
Af 92.7 ◦C

Austenite → R-phase
V. Antonucci et al. / Thermo

The availability of calorimetric and resistivity data allowed
he evaluation of the converted fraction of each phase as func-
ion of temperature. For DSC data converted fractions of each
hase as a function of temperature have been calculated as
he ratio between the current and the total area evaluated from
SC heat-flow curve. Using this method, Martensite and R-
hase converted fractions have been evaluated by exothermic
eaks found during the cooling and Austenite converted frac-
ion by the endothermic peak evidenced during the heating
ycle.

Converted fractions of each phase have been evaluated also
sing resistivity results, where resistivity is a function of the
emperature. In order to get an expression of converted phase as
function of ρ(T), the mixing rule has been used, where the total

esistivity has been considered as the sum of resistivity of each
hase. This assumption is based on literature studies, report-
ng that thermodynamical properties of SMA and thermally
nduced martensitic transformations can be modeled by using
he mixing rule [17]. Moreover, the comparison between con-
erted fractions derived from DSC data and those derived from
lectrical measurements provided a good agreement between
esults.

In order to find an expression of the converted percentage
or each phase, at first experimental resistivity data have been
inearly interpolated in the temperature ranges where a single
hase exists. Then, on the basis of the mixing rule for the resis-
ivity, the following relationships for the phase fractions x have
een considered:

xm = ρ(T ) − ρa(T )

ρm(T ) − ρa(T )
transition (M → A) during heating,

xm = ρ(T ) − ρr(T )

ρm(T ) − ρr(T )
transition (R → M) during cooling,

xr = ρ(T ) − ρa(T )

ρr(T ) − ρa(T )
transition (A → R) during cooling (2)

here ρ is the experimental resistivity, the suffices a, m, r are
elative to Austenite, Martensite and R-phase, respectively.

The first equation in (2) expresses the Martensite fraction
ecreasing during heating passing from one at a temperature
ower than As to 0 at a temperature higher than Af. The other two
quations express respectively the Martensite fraction increas-
ng from 0 to 1, during cooling from R-phase and the R-phase
raction increasing from 0 to 1, during cooling from Austenite
hase.

Fig. 5 shows the comparison between phase fractions eval-
ated from DSC data and the same phase fractions evaluated
sing resistivity data during the transformation from Marten-
ite to Austenite. Fig. 6(a) and (b) shows phase fractions of
-phase and Martensite respectively evaluated both using DSC
nd ER data for the two-stage transformation Austenite → R-

hase → Martensite. From the comparison between converted
ractions evaluated from DSC and resistivity data, a good agree-
ent was found in all temperature ranges, confirming the

eliability and the capability of electrical resistivity measure-
ents to quantify phase transformation fractions.

R

easurements during Martensite → Austenite transformation for Ni55.4Ti44.6

lloy.

.2. Ni54.8Ti45.2 alloy

Ni54.8Ti45.2 alloy has been electrically characterized in the
emperature range 30–140 ◦C. Fig. 7 shows alloy’s electrical
esistivity versus temperature graph, measured during a heating
ycle from 35 ◦C to 140 ◦C and a cooling cycle from 140 ◦C to
5 ◦C. During the heating, a drop was found, denoting the tran-
ition from a mixed phase consisting of R-phase and Martensite
M + R) to Austenite. This is due to the fact that R-phase is char-
cterized by the higher resistivity value among the tree NiTi
rystallographic phases. For the same reason, during the cool-
ng an increase of resistivity was found because of the transition
rom Austenite to R-phase.

It is important to outline that R-phase was not detectable
rom heat-flow curve (Fig. 2) that was characterized by one
ndothermic peak for Martensite → Austenite transition and one
xothermic peak for Austenite → Martensite transition. From
he analysis of resistivity diagram transition temperatures can
e determined (Table 4).

Phase fractions have been evaluated both from DSC heat-flow
Rs 77.8 ◦C
Rf 52.2 ◦C

-phase → Martensite
Ms 47.7 ◦C
Mf –
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Fig. 6. Comparison between phase fractions evaluated from DSC data and ER
measurements during a) Austenite → R-Phase and b) R-Phase → Martensite
transformations for Ni55.4Ti44.6 alloy.

Fig. 7. Electrical resistivity vs. temperature diagram of Ni54.8Ti45.2 alloy.
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ig. 8. Comparison between phase fractions evaluated from DSC data and
R measurements during R-Phase-Martensite → Austenite transformation for
i54.8Ti45.2 alloy.

easurements during cooling from Austenite as

m+r= ρ(T )−ρa(T )

ρm+r(T )−ρa(T )
transition (A → M+R) during cooling

(3)

Figs. 8 and 9 report the comparison between R-
hase–Martensite mixed phase fraction obtained by DSC and
esistivity data upon heating and cooling cycles.

As expected, due to different Af values deriving from DSC
nd ER measurements, a slight difference between M + R frac-
ions DSC and ER graphs is observed, in particular during
eating in the Austenite formation region (Fig. 8). On the
ontrary, during cooling in correspondence of the reverse trans-

ormation from Austenite to M + R-phase (Fig. 9) a good
greement between DSC and resistivity data was found. In addi-
ion, the knowledge of Rs, Rf and Ms temperatures by ER results
llows to the explicit identification of Austenite → R-phase and

ig. 9. Comparison between phase fractions evaluated from DSC data and
R measurements during Austenite → R-Phase-Martensite transformation for
i54.8Ti45.2 alloy.
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-phase → Martensite transitions. In particular, it is possible to
bserve that the Martensite formation occurs when about the
0% of Austenite is already converted into R-phase.

. Conclusion

Two Nitinol alloys’ (Ni55.4Ti44.6 and Ni54.8Ti45.2) transfor-
ation behavior has been investigated by calorimetric analysis

nd electrical resistance measurements, in order to evaluate
ransition temperatures and phase transformation degree during
eating and cooling. A comparison between these two char-
cterization techniques has been carried out, providing a good
greement between calorimetric and electrical results and the
uantification of transformation phase degree. ER measurement
as proved to be a good probe for the identification of various
hases in SMA, resulting more sensitive than conventional DSC
echnique in the evaluation of R-phase and of its start and finish
ransition temperatures. Moreover, for Ni54.8Ti45.2 the presence
f a mixed phase constituted by Martensite and R-phase has
een detected from ER measurements but not from DSC anal-

sis, where only a large peak transition in the cooling part of
eat-flow curve is present. ER measurements clearly revealed
he presence of R-phase both during heating and cooling, being
-phase resistance higher than Austenite and Martensite ones.
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