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a b s t r a c t

New instrumented tensile–impact test method is proposed for the characterization of shape memory alloy
wires in the strain-rate range from 1 to 102 s−1. The force and the velocity evolution during the impact
are registered and, based on these curves, the stress–strain response at impact may be obtained. This
method is able to measure strain-rate dependent parameters, such as the direct and reverse stress-induced
eywords:
mpact test
iTi
artensitic transformation

martensitic transformation stresses or the dissipated energy. Moreover, the accuracy of properties mea-
sured with this method, such as the Young’s modulus of the austenitic phase or the permanent strain
after load–unload deformation, is higher than those calculated exclusively from the integration of the
force–time curves.

© 2009 Elsevier B.V. All rights reserved.
oung’s modulus
train rate

. Introduction

Shape memory alloys (SMA) are interesting for impact appli-
ations due to their unique superelastic behaviour [1,2]. SMA
ires embedded in polymer matrix composites have shown to

e effective in improving their impact behaviour [3]. The stress-
nduced martensitic (SIM) transformation is exothermic, whereas
he reverse transformation is endothermic. Characteristic stresses
nd strains of these transformations depend on the temperature,
nd since the strain rate could change the heat-transfer phenom-
na, the temperature could change during the loading–unloading
ath. So, the knowledge of the strain-rate effects on the mechanical
roperties of superelastic SMA is necessary. Standard tensile-test
ethods are confined to strain rates below 0.1 s−1 [4] and around
s−1 when servo-hydraulic test machines are used [5]. Impact stud-

es have been carried out at strain rates higher than 103 s−1 [6–9]
sing Split Hopkinson Pressure Bar (SHPB) technique. Thus, in the

ntermediate range, from 1 to 103 s−1, relevant to many applica-
ions such as crashworthiness [10], there is a lack of experimental
ata. The attempts hitherto made to study the SIM transformation
t these intermediate strain rates using SHPB have failed because
he initial velocity of the striker bar must be set at such a low

evel that the amplitude of the loading pulse is not large enough
o load the specimen beyond its initial transformation strain [8].
owever, instrumented tensile–impact method has been applied

uccessfully to polymer characterization in this strain-rate range
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[11], and in this study, it has been proposed as a useful technique
for the impact characterization of the SMA wires in the intermediate
range from 1 to 102 s−1. Moreover, the conventional instrumented
tensile–impact technique has been modified and the new instru-
mentation is able to measure with higher accuracy parameters that
are strain dependant such as the effective elastic modulus, the dis-
sipated energy or the permanent deformation.

2. Experimental method and materials

In tensile–impact tests, the sample is fixed between the mobile
grip and the fixed grip. When a pendulum impactor reaches the
lowest point achieving the impact velocity, it hits the mobile grip
and the tensile force is transmitted to the sample (Fig. 1). This force
is measured at the fixed grip by a piezoelectric sensor.

The most common impact-test instrumentation is based on the
registration of the force–time curve and the initial impact veloc-
ity [12]. The stress is calculated by dividing the impact force curve
by the initial area of the wire. Using Newton’s second law, the
displacement ı(t)integrated, Eq. (1), is calculated by two successive
integrations of the force data (F(t)):

ı(t)integrated =
∫ t

0

(
V0 − 1

m

∫ t

0

F(t) dt

)
dt (1)
V0 is the measured initial impact velocity and m is the mass of the
impactor system which is accelerated during the deformation, that
includes the impactor, the mobile grip and the sample mass. The
sample mass (in this case <1 mg) and the mobile grip mass (30 mg
for this case) are usually neglected because they are much smaller

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:jzurbitu@eps.mondragon.edu
dx.doi.org/10.1016/j.msea.2009.06.012


J. Zurbitu et al. / Materials Science and Engineering A 524 (2009) 108–111 109

t
b
t
i
w
T
t
d
I
v

ı

T
a
0
o
t
c
n
d

t
a
t
t
w
o
s
p
a

ε

T
(
d

E

3

i
i
a
s
d
i
m
s

tacting measurement. During the loading path, the initial slope is
associated to the elastic deformation of the austenitic phase. The
plateau corresponds to the SIM transformation, and the second ris-
ing zone is related to the elastic deformation of the martensitic
phase.
Fig. 1. Instrumented tensile–impact test configuration.

han the mass of the impactor. The strain curve can be obtained
y dividing the displacement by the initial length of the sample. In
he present work we propose to improve the accuracy by perform-
ng additional measurement of the velocity during the impact test

ith laser-based noncontacting measurement equipment (POLY-
EC OFV-505). As illustrated in Fig. 1, the laser beam is focused on
he mobile grip. The displacement ı(t)laser-based, Eq. (2), is calculated
irectly as the integration of the laser-based velocity measurement.

n this case it is not necessary to know neither the initial impact
elocity, V0, nor the mass of the impactor, m:

(t)laser-based =
∫ t

0

V(t) dt (2)

ensile–impact tests were carried out in a CEAST pendulum, with
n impactor mass of 1.098 kg, by varying the impact velocity from
.35 to 3.7 m/s. The initial sample length was also varied in order to
btain a strain-rate range from 4.6 to 116 s−1. The material tested in
his work is a commercially available NiTi SMA, ref. NT09, nominal
omposition 50.9 at.% Ni, purchased from (AMT) @Medical Tech-
ologies. The material was supplied in the form of wire, 0.5 mm in
iameter, showing superelastic behaviour at room temperature.

In order to evaluate the accuracy of the instrumented
ensile–impact method, the dynamic Young’s modulus of the
ustenitic phase was measured not only with the instrumented
ensile–impact method but also using resonant oscillations. The lat-
er measurements were carried at a frequency, f, of around 100 kHz
ith a strain amplitude ε0 = 10−4. Longitudinal resonant oscillations

f the samples were produced by means of a piezoelectric ultra-
onic composite oscillator technique [13]. According to Eq. (3), the
arameters of ultrasonic standing waves used yield a strain-rate
mplitude of around 6 × 101 s−1:

˙ 0 = 2�fε0 (3)

he values of the effective Young’s modulus were calculated, Eq.
4), from the resonant frequency of the sample, fs, its length, ls, and
ensity, �:

= 4�l2s f 2
s (4)

. Results and discussion

The velocity evolution during the impact test obtained by the
ntegration of the force curve and measured by the laser is shown
n Fig. 2; both tests were carried out at an impact velocity of 0.8 m/s
nd they are representative of all the curves obtained in the studied

train-rate range. During the impact, the velocity decreases as the
eformation of the sample becomes greater. The test represented

n this figure corresponds to unbroken samples, so at the point of
aximum deformation, the velocity is zero. After this moment, the

ample begins to recover and the velocity increases in the opposite
Fig. 2. Mobile grip velocity evolution obtained from the impact-force data and the
measured by the laser. The test is carried out at an impact velocity of 0.8 m/s.

direction. The last point of each curve corresponds to the time when
the contact between the impactor and the mobile grip is lost. This
fact implies that the strain rate is not constant during the impact
event and will be discussed later. During the impact, dynamic oscil-
lations superimposed to the mean response of the material are
observed due to the high contact stiffness between the impactor
and the sample.

As can be seen in the curve obtained from the integration of the
force data, the fact of neglecting the mass of the mobile grip and
the mass of the sample implies that the velocity of the impactor is
transmitted instantaneously to the sample when the first contact is
produced. However, the velocity curve measured by the laser shows
an initial acceleration stage (Fig. 2). The acceleration period ranges
between 0.1 and 1.5 ms. Both curves are superimposed after this
initial acceleration stage, and they deviate at the end of the impact
event. The main consequence of the difference in the velocities
at the earliest stage of the impact is that the deformation calcu-
lated based on the laser-measured velocity, ı(t)laser-based, Eq. (2), is
smaller than that obtained from the integration of the force-time
data, ı(t)integrated, Eq. (1). This fact is reflected by the stress–strain
curve (Fig. 3) showing smaller strains with laser-based noncon-
Fig. 3. Stress–strain curves obtained by integrating the force curve and integrating
the laser-measured data. The impact test is carried out at an impact velocity of
0.8 m/s.
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Table 1
Young’s modulus of the austenite (EA) and martensite (EM) phases.

Strain rate (s−1) EA (GPa) EM (GPa)

Quasi-static 10−4 60 ± 6 22 ± 2
Based on the force data 101–102 47 ± 10 21.3 ± 2
B 1 2
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between the low strain-rate curve (10−4 s−1) and impact strain
rate (101 s−1) are clearly observed. The transformation stresses are
higher at impact than at low strain rates showing a shift in the
pseudoelastic curve. The plastic strain after unloading is also higher
ased on the laser measurements 10 –10 66 ± 5 23.1 ± 2
ased on the piezoelectric
ltrasonic composite oscillator
echnique

6 × 101 69 ± 1 –

The values reported in Table 1 represent the effective Young’s
odulus of the austenitic (EA) and the martensitic (EM) phases,

nd correspond not only to elastic, but also to anelastic strains of
ifferent origins (residual martensitic transformation, plastic and
eversible anelastic strains). While the values of EA were measured
uring the loading, the EM values correspond to the effective modu-

us of martensite measured during the linear unloading path where
ainly the elastic recovery of martensite appears. The modulus

f martensite shows much higher discrepancy between the val-
es during loading and unloading than the modulus of austenite
Fig. 3). This fact finds a clear interpretation as due to a much
igher anelasticity of martensite wherein strong hysteretic effects
etween loading and unloading are typical, see e.g. Ref. [14]. The
uasi-static values were obtained at 10−4 s−1 and were carried out

n a uniaxial screw-driven testing machine Instron 4206. The impact
alues based on the force data and based on the laser measure-
ents were carried out at strain rates between 101 and 102 s−1.

he results obtained with the piezoelectric ultrasonic composite
scillator technique, strain rate of around 6 × 101 s−1, have been
onsidered as the reference values because the ultrasonic method
rovides strain rates similar to the ones in the impact loading
nd the stress amplitude �0 = ε0E is only around 7 MPa, which is
early two orders of magnitude below the ones required to induce
he martensitic transformation. Therefore, ultrasonic data repre-
ent a reference point measured under the same strain rate as in
mpact tests, but in essentially elastic range. A comparison of the
oung’s modulus data in Table 1 shows that the accuracy of EA
btained by the laser-measured velocity is high, since it is simi-

ar to that obtained using the piezoelectric ultrasonic composite
scillator technique and slightly higher to that of the quasi-static
ests, whereas the value obtained by the integration of the force
ata differs considerably. So, the effects of the initial acceleration
tage could not be neglected for the impact test analysis. Neverthe-
ess, for impact EM values obtained by both impact methods and
y the quasi-static test are practically the same, which is justified
y the fact that during the deformation process of the martensite
zone around the velocity curves pass from zero, Fig. 2), the velocity
btained by the integration of the force data and measured directly
y the laser are very close values. Therefore, the fact of neglecting
he masses of the mobile grip and the mass of the sample for the
onventional instrumented tensile–impact tests technique causes
rong measures of EA, because the initial acceleration stage is not

eing taken into account. This may be avoided by performing addi-
ional measurements of the deformation velocity during the impact
est.

Regarding the strain-rate evolution during the impact tests, it
as been said before that the strain rate is not strictly constant
long the impact event. This is shown in Fig. 4, where the abso-
ute value of the strain rate is plotted as a function of the strain
or the stress–strain curve obtained with laser-based measurement
hown in Fig. 3. During the most part of the test, the measured strain

ate is within the same order of magnitude than the average strain
ate. Only at lower and higher strains, the strain rate differs signif-
cantly from the average one. This is inherent to the load–unload
ests carried out at high strain rates. For instance, something sim-
lar happens for Split Hopkinson Pressure Bar tests, where strain
Fig. 4. Strain-rate evolution during an impact test which corresponds to an unbroken
sample that shows direct and reverse SIM transformations.

rate cannot be kept strictly constant during the whole test, but it
may be considered rather constant [7]. In case of Fig. 4, the average
strain rate is 11.9 s−1 and the standard deviation is 3.1 s−1.

In case of samples loaded until failure (Fig. 5) in which the strain
rate does not reach zero for any strain, the standard deviation of the
average strain rate with respect to the measured one is even smaller
(2.6 s−1) than in the load–unload case (3.1 s−1). Thus, in any case, the
strain rate during the instrumented load–unload tensile–impact
tests may be considered rather constant.

The reproducibility of the new instrumented tensile–impact test
was analysed through the repetition of six tests under the same ini-
tial conditions. The two impact tests shown in Fig. 6, which may be
considered representative of all the tests carried out, show a good
reproducibility. The standard deviation of the plateaus stresses is
lower than 20 MPa and similar to that observed at low strain rates,
while the standard deviation of the permanent strain is 0.22%,
higher than obtained at low strain rates.

In order to show the ability of the proposed test method to mea-
sure properties that are strain rate dependent, two stress–strain
curves loaded until the same stress and carried out at two differ-
ent strain rates are plotted in Fig. 7. The qualitative differences
Fig. 5. Strain-rate evolution during an impact test which corresponds to a sample
loaded until failure.



J. Zurbitu et al. / Materials Science and E

Fig. 6. Two different impact tests representative of the reproducibility of the new
instrumented impact test (impact velocity 0.8 m/s).
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ig. 7. Stress–strain impact curves at quasi-static (10−4 s−1) and impact strain rates
101 s−1).

t impact while the dissipated energy, as the area enclosed in the
oad–unload cycle, is slightly lower at impact.

It is well known from the literature which is the evolution of
he stress plateau when the strain rate is increased within the low
train-rate range [15]. At quasi-static strain rates, 10−4 s−1 or lower,
he transformation stresses may be constants because the defor-

ation process is isothermal i.e., all the heat generated/absorbed
uring the direct/reverse martensitic transformation is exchanged
ith the grips and the surroundings. As the strain rate is increased,

he time for exchanging the transformation heat with the grips
nd the surroundings is less, violating the isothermal condition
or the transformation in a sense that a part of the transformation
eat remains in a sample and increases its temperature. There-

ore, the characteristic stresses of the SIM transformations also
ncreases with the amount of the transformed austenite (transfor-

ation strain) since they depend on the temperature, so that when
he strain rate is increased only a few orders of magnitude, the stress
lateau gets inclined. Further increase of the strain rate by several
rders of magnitude, reaching the impact range, has two impor-

ant consequences. First, the transformation time is drastically
educed, and the overall deformation process can be considered
lose to adiabatic. Second, the velocity of the transformation front
ropagation may become higher than the heat exchange between
ransformed and not transformed parts of the sample. Therefore,

[
[

[

[
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despite adiabatic mode of the transformation, the temperature at
the transformation front remains constant and therefore the trans-
formation stresses will be rather constant during transformations
and higher than at quasi-static strain rates. This situation is impossi-
ble in the framework of equilibrium thermodynamics, and reflects
the fact that the sample during impact test fails to be in thermal
equilibrium. Then, the parallel shift of the pseudoelastic curve at
impact strain rates as compared to the quasi-static deformation
may be due to this rise in temperature. The study of temperature
evolution during the impact is ongoing and will be the subject of
a forthcoming studies. The plastic strain after unloading is slightly
higher at impact than at low strain rates (Fig. 7). Nevertheless, the
high dispersion of results at impact, makes not clear how the plas-
tic strain is influenced by the strain rate. Regarding the dissipated
energy per cycle, as the area of the hysteresis loop shown in Fig. 7,
this is slightly lower at impact 20.1 ± 0.9 MJ/m3, than at low strain
rates 23 ± 0.6 MJ/m3. This small reduction in the hysteresis is due
to the higher increase in the reverse transformation stresses shown
in the impact tests.

4. Conclusions

The main conclusion of the present work is that the new
instrumentation of the tensile–impact test method is valid for the
characterization of shape memory alloy wires in the intermediate
impact strain-rate range (from 1 to 102 s−1). The new instrumen-
tation is able to measure parameters that are strain dependant
(such as the effective elastic modulus, the dissipated energy or
the permanent deformation), with higher accuracy than with the
conventional instrumentation.

The use of the laser measure of the velocity during the impact
depends on the property itself: whereas for the stress magnitudes
(forward and reverse SIM transformations stresses) it is not neces-
sary, for properties dependent on strain (elastic modulus, dissipated
energy and plastic deformation) it is essential.
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