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In the presented paper, a sample of polycrystalline shape-memory NiTi alloy is studied under compression up
to 5% by the means of laser-excited and laser-detected ultrasound waves. The evolution of a propagation velocity
of the surface acoustic wave is measured in situ during mechanical loading. An inverse method based on the
Ritz—Rayleigh numerical approach is then used to obtain the development of elastic properties of the sample. This
process enables an analysis of the evolution of stress-induced transformation from the austenitic to the martensitic
phase with the possibility to describe several stages of such transformation, i.e., the transformation to full R-phase,
its reorientation causing strong anisotropy of the polycrystalline sample, and consecutive gradual transition to

martensite.
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1. Introduction

Elastic properties of single crystals of shape-memory
alloys (SMAs) are usually strongly anisotropic [1-3].
Near the transition temperature, the crystal lattice
is unstable due to phonon softening [4-6], which in-
creases the anisotropy even further. Laser-ultrasound
measurements, such as the resonant ultrasound spec-
troscopy (RUS) comprise a great tool to study the highly
anisotropic materials [7] and the temperature-dependent
behavior of materials [8]. Recently, Thomasova et al. [9]
presented an ez situ study of the strain-dependence of
elastic properties of martensitic structures in polycrys-
talline NiTi. It was shown in this work that the macro-
scopic moduli of polycrystalline SMAs can be strongly
anisotropic under certain circumstances — in this par-
ticular case after stress-induced reorientation of marten-
sitic structure by a uniaxial compression. It is known
that those variants of martensite inside the individual
grains oriented to the applied stress in an advantageous
way grow more than the others [10-12]. It is shown in
this study that the in situ measurement offers much more
detailed insight into the behavior of the material under
stress, with a potential to directly describe the ongoing
processes.

The elastic constants of a polycrystalline SMA de-
pend on single-crystal elastic coefficients of the individual
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phases present in the aggregate, the volume fractions of
these phases, on the crystallographic texture of austenite,
the martensitic microstructure, and the mutual morphol-
ogy of austenite and martensite [9]. In this work, the de-
velopment of elastic properties and overall anisotropy of
a sample undergoing a compressional loading is studied.
The changes in the velocity of the Rayleigh waves dur-
ing the loading are observed by laser-based ultrasound
measurement. To obtain the changes in elasticity co-
efficients out of the SAW velocities, an inverse proce-
dure utilizing a Ritz—Rayleigh approach as the forward
method is presented. It is shown that the originally
almost-isotropic compound of R-phase and austenite is
transformed to full R-phase, which then reorients, and
thus induces strong anisotropy of the sample. During
the following loading, the sample undergoes a martensitic
phase-transformation. It can be observed from the pre-
sented results that the transformation is heterogeneous
on microscale. In the last phase of the loading, the stiff-
ening of martensitic phase can be seen, followed by re-
versible softening during the unloading, thus proving a
stress-dependence of elastic properties of the martensite.

2. Sample and experimental method

The studied sample was made from a commer-
cially available NiTi with the nominal composition of
50.5 at.%Ni and 49.5 at.%Ti. The sample size is
5 x 15 x 50 mm?, one surface of the sample was pol-
ished. At room temperature, the material is in a state
of austenite and R-phase. The transformation tempera-
tures can be found in [13].
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Fig. 1. Stress—strain curve obtained during the mea-

surement (note that the stress is compressional and cor-
respondingly the strain is negative) [14].

A mirror-polished face was used for measurement of
the velocity of surface acoustic waves (SAWs). For the
excitation, a Nd:YAG laser (1064 nm, 400 ps pulses) fo-
cused through a cylindrical lens in order to create a line
source was used. The emergent waves were detected by a
laser vibrometer (532 nm, cw). The sample was mounted
on a small in-house built testing machine (maximal load
5 kN). The testing machine can rotate in order to allow
the measurement of the SAW velocity in different direc-
tions with respect to the loading. The stress—strain curve
of the examined sample at room temperature is shown in
Fig. 1. The measurement was conducted in 16 differ-
ent distances between the excitation and detection spot
to obtain the SAW velocity in particular direction. This
measurement was made in 5 angles between the propagat-
ing wave and loading axis in over 50 strain stages during
loading. The resulting evolution of velocities in different
directions during the loading is shown in Fig. 2. More de-
tails about the experimental setup can be found in [14].

3. Inverse calculation of the elastic constants

The experimentally determined SAW velocities were
processed by numerical inverse procedure based on the
Ritz—Rayleigh approach introduced in [15]:

F (cij) = Zp (0 (eig) —05)”. (1)
The Ritz—Rayleigh approach offers a fast and robust for-
ward procedure capable of calculation of the velocity of
SAW propagating in any direction through a generally
anisotropic material with the elastic given. The approach
is based on Hamilton’s principle, according to which the
resonant frequencies and the corresponding modal shape
can be found as stationary points of a Lagrangian energy
of a harmonically vibrating body, i.e. a computational
domain with the constraints chosen in a way to suit the
problem solved. To find these stationary points, a dis-
cretization of the displacement field into the Legendre
polynomials is considered. The solution then contains

both bulk and surface resonances of the domain, which
can be easily distinguished, e.g. based on the modal
shape. The inverse procedure is then based on an it-
erative process of changing the initial set of elastic con-
stants. The set of corresponding SAW velocities obtained
from the forward procedure is then compared to the ex-
perimental value via the objective function where p goes
through all measured angles, and the superscripts exp
and cal denote the calculated and experimental velocity,
respectively. For the minimization of this function, a gra-
dient Levenberg—Marquardt method is used. The numer-
ical inverse procedure depicted briefly here was described
in more detail by Stoklasova et al. [15]. It was shown
that in addition to the spatial dispersion calculated in
this case, the method can be modified for calculations of
a frequency dispersion in a layered system [16].
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Fig. 2. Experimentally obtained SAW velocities in dif-
ferent angles with respect to strain.

The result of the inverse procedure is a set of elas-
tic constants minimizing the objective function. Con-
sidering the nature of the experiment, i.e. the initial
isotropy and uniaxial loading, the material is assumed to
adopt the transversely isotropic character. As such, it
exhibits hexagonal symmetry with 5 independent elastic
constants: c¢11, €33, €13, Ca4, and cgg. Considering the ge-
ometry of the experiment, the direction of the symmetry
is assumed to be aligned with =3 axis. This set was cal-
culated for each stress level. The error of this set can be
estimated by an error-analysis procedure described in de-
tail in Ref. [7]. However, given the informative character
of the results presented in this paper, the error is not cal-
culated here. The mass density taken for the calculations
was 6.45 g/cm3.

4. Results

Experimental stress—strain curve (Fig. 1) shows a char-
acter typical for memory alloys under compression [17].
It shows the initial almost-linear response, then the
plateau of martensitic transition between around 1.3%
and 3.5%, and then the following loading of marten-
site. The measured velocities of SAWs (Fig. 2) and cor-
responding shear elastic moduli (Fig. 3) document ar-
guably rather peculiar behavior of the material during
this compression test.
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In the initial phase of loading up to the start of the
martensitic phase transition above 1.3%, a surprisingly
strong anisotropy of the sample arises. With a maximum
at the beginning of the phase transition, the anisotropy
peaks a ratio of 1.35 between the shear elastic moduli.
This is believed to be caused by the induction of the
reorientation of the trigonal R-phase, and it was checked
that this process is fully reversible and can be observed
only during in situ measurement under applied stress.

The second part shows the development of elastic con-
stants during the stress-induced martensitic phase trans-
formation. The material stiffens in all directions, as the
elastic constants of martensite are higher than the ones of
R-phase. However, there is an interesting observation in
the character of the progress — whereas c44 increases lin-
early, the cgg-evolution shows a certain curvature. From
this fact, it can be assumed that whereas on a macro-
scopic level, the martensitic transition in compression
proceeds homogeneously, it is heterogeneous on the level
of microstructure. The data obtained by SAWs are unfor-
tunately insufficient to obtain a full understanding of the
heterogeneity and the process itself, as they mostly carry
the information about the shear behavior, and thus must
be accompanied by supplement measurements of the lon-
gitudinal wave.
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Fig. 3. Resulting shear elastic moduli obtained by the

inverse procedure.

The third and last part of the stress—strain curve
shows the final loading of a dominantly martensitic sam-
ple. It was observed that the elastic coefficients of
martensite depend on stress in a fully reversible man-
ner. After unloading, the oriented martensite retains
its anisotropic elasticity, which is entirely in compliance
with the results found by ez situ measurement presented
by Thomasova et al. [9].

5. Conclusions

The contribution presented illustrates the evolution of
elastic properties of polycrystalline NiTi undergoing a
compressional loading, observed in situ by the laser-based
ultrasound method focused on surface acoustic waves. It
is shown that the in situ measurement has great poten-
tial to increase the understanding of the processes in the
material in such a case.

The measurement of SAW velocities and their spatial
distribution can be realized during the loading. Veloc-
ities obtained are then used to determine the develop-
ment of elasticity coefficients by the inverse procedure
based on the Ritz—Rayleigh approach. Since SAWs carry
mostly information about the shear behavior, only the
shear constants c44 and cgg can be determined with suf-
ficient accuracy.

Based on the development of the identified elastic con-
stants, several remarks on the stress-dependent behavior
of the material can be made. Firstly, the reorientation of
R-phase introduces a surprisingly large anisotropy to the
sample. The character of the anisotropy remains simi-
lar even after the full martensitic phase-transformation.
However, the development of the constants is uneven,
suggesting a heterogeneous character of transition be-
tween the R-phase and martensite. Unfortunately, the
presented measurement does not offer sufficient data to
completely reveal this character and supplementary ex-
perimental data are necessary. One of the possibilities
is to combine the SAW with a pulse-echo measurement
during the loading.
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