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Résumé of the Dissertation
The dissertation Mechanical Properties of Advanced Metallic Materials Studied
by Laser-Ultrasonic Methods gives a comprehensive summary of the research
carried out in the field of laser-ultrasonic (LU) characterization of mechanical
properties materials by the applicant or under the applicant’s supervision. The
main aim of the dissertation is to show how these methods, based on elastic wave propagation and vibrations in the ultrasonic frequency range, can be
utilized for materials characterization, pointing out the advantages of using
lasers for generation and detection of ultrasound instead of more conventional
techniques (e.g., instead of using piezoelectric transducers).
The dissertation consists of two parts. The first part (Chapter 1) is introductory, giving a description of experimental devices for LU characterization
developed and operated at the Institute of Thermomechanics, Czech Academy
of Sciences, that were used for the research reported in the thesis. This first
part also summarizes the contribution of the applicant’s students to the reported research and briefly describes the applicant’s research activities outside
the topic of the thesis. The second part (Chapters 2, 3, 4 and 5) consists of
twelve commented research papers illustrating the versatility of the used LU
approaches and their ability to contribute significantly to characterization of
advanced metallic materials. For the shape memory alloys (Chapter 2), it is
shown that the LU approaches can provide a valuable information on both
temperature-induced and stress induced changes of shear elastic coefficients
indicating the instability of the crystal lattice. Similarly, the lattice instability due to magnetostriction is studied for materials with strong magnetoelastic coupling (Chapter 3). For materials undergoing diffusive phase transition
(Chapter 4), the LU methods are shown to be able to detect transitions in very
small volume factions of materials, based on the changes of macro-scale mechanical properties. Finally, Chapter 5 proves the LU methods very efficient for
studying ultrafine-grained materials and elucidating the role the grain boundaries play in the mechanics and micro-mechanics of these materials.
The below given extended synopsis of the dissertation includes the description of the LU experimental methods utilized for the reported research, as well
as a summary of the main results of their applications to a broad range of
advance metallic materials.
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Introduction

Understanding the relationship between the elastic constants and elastic wave
propagation in an anisotropic solid dates back to the 19th century, when the
most fundamental theoretical background was developed by Christoffel [1].
During the following decades, the solutions to the so-called Christoffel’s equation were utilized either for predicting the speed of elastic wave propagation
in known materials, or, inversely, for determining some of the elastic constants
of unknown materials by elastic (ultrasonic) wave speed measurements (see
the textbooks [2, 3, 4] and the historical references therein). However, it took
more than a century until the computational power enabled the inverse problem to be solved completely, i.e., having an extensive set of wave velocity data
for various material direction as an input, and providing a complete tensor of
elastic constants of an anisotropic material with lower symmetry than cubic
as an output of the calculation. A remarkable result was achieved by Francois et al.[5], who used elastic wave velocity data for 13 unique propagation
directions on a polyhedral sample to determine all 21 independent elastic constants of a generally anisotropic solid. This experiment proved that the elastic
response of a material of any symmetry can be fully characterized by ultrasonic methods, a goal that is nearly impossible to reach by any other tool of
experimental mechanics.
Among the improvements the ultrasonic methods underwent since the
times of Christoffel, one can be seen as the most seminal: the use of lasers
[6, 7, 8, 9, 10]. Focused laser beams are capable of both generating and detecting the ultrasonic waves in solids, and their employment brings significant
advantages. For example, the propagation direction (i.e. the direction from
the source to the receiving point) can be set just by positioning the pump beam
and the probe beam over the surfaces of the sample; or, thanks to their noncontact nature, laser-based ultrasonic measurements can be easily performed
under extreme conditions, such at high temperatures [11, 12] or even at high
hydrostatic pressures [13, 14]. At the same time, the incredible versatility of
laser-based generation of ultrasound can be utilized. Just as a result of using
proper optics, the thermoacoustic sources arising from an impact of a focused
laser beam on the surface of the sample can take forms of points, lines or periodic patterns. Similarly, the temporal characteristic of the source can range
from extremely short pulses (generating broadband ultrasonic waves and enabling to reach up to GHz frequency range) to narrowband generation due to
temporal modulation [10, 15, 16, 17, 18].
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All these features enabled laser-ultrasonic (LU) methods to get established
as a new and rapidly developing branch of experimental mechanics in the past
few decades. Originating from the pioneering works in 1960s [19, 20, 21, 22],
the LU approaches can be nowadays found used as reliable tools for materials
characterization in a broad range of research areas, including biomechanics
[23, 24, 25], geology [26, 27], metal processing [28, 29] and nanotechnology
[30, 31]. Several new experimental arrangement utilizing these approaches
have been developed, ranging from the rather classical point-source/pointreceiver [32, 33] setups to transient grating spectroscopy [34, 35, 36] or picosecond ultrasonics [15, 16]. In 2015, the achievement by Francois et al. [5]
was repeated by Sedlák et al. [37] using the laser-based resonant ultrasound
spectroscopy method: again, all 21 elastic constants of a generally anisotropic
material were determined, but this time using just one small, simply shaped
sample, and with a significantly smaller experimental uncertainty. In other
words, the emergence of laser made the ultrasonic measurements much more
directly available to the materials science.
The DSc. dissertation entitled Mechanical Properties of Advanced Metallic
Materials Studied by Laser-Ultrasonic Methods summarizes the results of LU
measurement performed on a broad range of advanced metallic materials by
the applicant or under the applicant’s supervision in case that the measurements were done by his graduate students. By giving such a summary, the
dissertation aims to point out how significantly the application of LU methods
can contribute to the progress in the given field. In this sense, while the scope
of the dissertation is pretty narrow from the point of view of experimental mechanics, it is relatively diverse from the point of view of materials science. The
dissertation does not have any ambition to contribute to the topic of the development of the LU methods themselves as far as the principles, instrumentation
or signal processing are concerned. Instead, it aims to explore how the results
of the LU methods can elucidate several problems from the field of mechanics
of materials.
The results included in the dissertation are limited to metallic materials
(pure metals, alloys and metal-metal composites). Metals are particularly suitable for LU characterization, as they posses a good combination of thermal conductivity and thermal expansion for thermoacoustic generation of ultrasonic
waves, and, at the same time, can be mirror-polished to get maximum reflectivity for the probe beam. On the other hand, unlike in ceramics or in dielectrics
in general, the propagation of ultrasonic waves in metals can be strongly atten3

tuated by several different internal friction mechanisms, including dislocation
damping, magnetoelastic damping or grain boundary sliding [38]. This brings
several challenges for the LU characterization, but, simultaneously, enables the
LU methods to bring a deeper insight into these mechanisms, their temperature evolutions, etc.. From this point of view, this dissertation covers a broader
range of approaches to LU characterization of metals; besides the determination of the elastic constants themselves, it discusses also their relation to the
internal friction parameters, often trying to achieve a more complete picture of
the processes in the given material based on the interplay of both parameters.
This diversity of approaches, again, aims to illustrate the versatility and power
of the described methods.
The dissertation is composed of twelve research papers, covering results
of LU measurements on four diverse (but related) groups of materials. Each
group is first introduced by a short subsection, explaining mainly the reasons
for applications of the LU methods for such materials, but also giving a brief
introduction into the related materials science problems, including the basic
terminology and state-of-the art. Each paper is then commented in terms of
the applicant’s personal contribution and the collaboration with other research
groups.
The included papers are1 :
A1 – Thomasová, M., Sedlák, P., Seiner, H., Janovská, M., Kabla, M., Shilo, D.,
Landa, M. Young’s moduli of sputter-deposited NiTi films determined by resonant ultrasound spectroscopy: Austenite, R-phase, and martensite (2015)
Scripta Materialia, 101, pp. 24-27. (IF= 5.079, 26 citations. The applicant
was the corresponding author, the first author was his graduate student.)
A2 – Thomasová, M., Seiner, H., Sedlák, P., Frost, M., Ševčı́k, M., Szurman, I.,
Kocich, R., Drahokoupil, J., Šittner, P., Landa, M. Evolution of macroscopic
elastic moduli of martensitic polycrystalline NiTi and NiTiCu shape memory
alloys with pseudoplastic straining (2017) Acta Materialia, 123, pp. 146156. (IF=7.656, 23 citations. The applicant was the corresponding author, the
first author was his graduate student.)
A3 – Seiner, H., Stoklasová, P., Sedlák, P., Ševčı́k, M., Janovská, M., Landa, M.,
Fukuda, T., Yamaguchi, T., Kakeshita, T. Evolution of soft-phonon modes
in Fe-Pd shape memory alloy under large elastic-like strains (2016) Acta
Materialia, 105, pp. 182-188. (IF=7.656, 11 citations. The applicant was both
the corresponding author and the first author.)
1 The impact factors and citation counts are relevant to July 10, 2020. The citation counts are
taken from the SCOPUS database.
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B1 – Seiner, H., Heczko, O., Sedlák, P., Bodnárová, L., Novotný, M., Kopeček, J.,
Landa, M. Combined effect of structural softening and magneto-elastic coupling on elastic coefficients of NiMnGa austenite (2013) Journal of Alloys
and Compounds, 577 (SUPPL. 1), pp. S131-S135. (IF=4.650, 21 citations.
The applicant was the first author.)
B2 – Seiner, H., Sedlák, P., Bodnárová, L., Drahokoupil, J., Kopecký, V., Kopeček,
J., Landa, M., Heczko, O. The effect of antiphase boundaries on the elastic properties of Ni-Mn-Ga austenite and premartensite (2013) Journal of
Physics Condensed Matter, 25 (42), art. no. 425402. (IF=2.707, 16 citations.
The applicant was both the corresponding author and the first author.)
B3 – Seiner, H., Kopeček, J., Sedlák, P., Bodnárová, L., Landa, M., Sedmák, P.,
Heczko, O. Microstructure, martensitic transformation and anomalies in c0 softening in Co-Ni-Al ferromagnetic shape memory alloys (2013) Acta Materialia, 61 (15), pp. 5869-5876. (IF=7.656, 16 citations. The applicant was the
first author.)
C1 – Nejezchlebová, J., Seiner, H., Ševčı́k, M., Landa, M., Karlı́k, M. Ultrasonic
detection of ductile-to-brittle transitions in free-cutting aluminum alloys
(2015) NDT and E International, 69, pp. 40-47. (IF=3.461, 4 citations. The
applicant was the corresponding author, the first author was his graduate student.)
C2 – Nejezchlebová, J., Janovská, M., Seiner, H., Sedlák, P., Landa, M.,
Šmilauerová, J., Stráský, J., Harcuba, P., Janeček, M. The effect of athermal
and isothermal ω phase particles on elasticity of β−Ti single crystals (2016)
Acta Materialia, 110, pp. 185-191. (IF=7.656, 22 citations. The applicant was
the corresponding author, the first author was his graduate student.)
C3 – Nejezchlebová, J., Janovská, M., Sedlák, P., Šmilauerová, J., Stráský, J.,
Janeček, M., Seiner, H. Elastic constants of β-Ti15Mo (2019) Journal of Alloys and Compounds, 792, pp. 960-967. (IF=4.650, 2 citations. The applicant’s graduate student was both the first author and the corresponding author.
The applicant was the last author (denoting the group leader).)
D1 – Seiner, H., Bodnárová, L., Sedlák, P., Janeček, M., Srba, O., Král, R., Landa,
M. Application of ultrasonic methods to determine elastic anisotropy of polycrystalline copper processed by equal-channel angular pressing (2010) Acta
Materialia, 58 (1), pp. 235-247. (IF=7.656, 30 citations. The applicant was
both the corresponding author and the first author.)
D2 – Koller, M., Sedlák, P., Seiner, H., Ševčı́k, M., Landa, M., Stráská, J., Janeček,
M. An ultrasonic internal friction study of ultrafine-grained AZ31 magnesium
alloy (2014) Journal of Materials Science, 50 (2), pp. 808-818. (IF=3.553,
10 citations. The applicant was the corresponding author, the first author was his
graduate student.)
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D3 – Seiner, H., Cizek, J., Sedlák, P., Huang, R., Cupera, J., Dlouhy, I., Landa,
M. Elastic moduli and elastic anisotropy of cold sprayed metallic coatings
(2016) Surface and Coatings Technology, 291, pp. 342-347. (IF=3.784, 13
citations. The applicant was the first author.)

These papers bring a representative, yet not exhaustive summary of the applicant’s work in the field of LU-characterization of metallic materials. Several
papers from this research area are not included, either because the applicant’s
contribution (or the contribution of his students) was not major, or because
these papers are rather of technical nature, reporting on rather incremental research, or being not published in sufficiently high-ranking journals. Also paper
older than from 2010 were not considered for inclusion in the dissertation.

2
2.1

LU experimental arrangements utilized for the reported
research
Modal resonant ultrasound spectroscopy for characterization
of elastic anisotropy

The resonant ultrasound spectroscopy (RUS,[39, 40]) method is one of the
most accurate experimental techniques for determination of elastic constants
of solids, particularly suitable for anisotropic materials. The reason originates
from the resonant nature of this method – RUS is based on measuring resonant spectra of free elastic vibrations (i.e., steady ultrasonic waves) of a small
sample of the examined solid. Even very small changes of the elastic constants
of the material are reflected by measurable changes of the resonant frequencies, especially as regards the shear elastic constants, since the lowest resonant
modes are typically related to pure shears. That makes RUS an irreplaceable
tool for characterization of soft shearing modes in materials.
The basic principles of RUS are described in the pioneering works [39, 40]
and elaborated in more detail in [37]. Here, we summarize just the main ideas:
The resonant frequencies and resonant modes can be understood as stationary points of the Lagrangian energy Λ of the sample. Hence, by solving
numerically the equation
δΛ (u(x, t), di , ρ, Cijkl ) = 0

(1)

for time-harmonic displacement fields u(x, t), where di are dimensions of the
sample, ρ is the mass density, and Cijkl is the tensor of elastic constants, and
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assuming that the sample is homogeneous in both Cijkl and ρ, one obtains
a set of resonant (angular) frequencies ωn (n = 1, 2, . . .) and corresponding
modal shapes for given dimensions, density, and guessed elastic constants. The
RUS measurement provides this set experimentally. Then, in line with classical
inverse approaches in acoustics, the elastic constants can be determined by
minimizing an objective function
F (Cijkl ) =

N
X
 calc
2
ωn (Cijkl ) − ωnexp ,

(2)

n=1

where N is the number of experimentally detected resonances, and the superscripts calc and exp denote the calculated and experimentally determined
resonant frequencies, respectively.
In addition to the elastic constants, the RUS method also provides a valuable information on internal friction in the examined material. From widths of
the individual resonant peaks, the mode-specific internal friction parameter
Q−1
n =

2πFWHMn
ωn

(3)

can be directly calculated, where FWHMn stands for the full-width at halfmaximum of the peak. In principle, Q−1
n is dependent on the modal shape (this
is essential for strongly anisotropic materials [41]), and can be also frequency
dependent, especially for materials with relaxation damping [D2]. Nevertheless, for monitoring the temperature-induced changes of internal friction (or for
comparing different materials as done in [D3]), average Q−1
n of few dominant
peaks is typically considered as a physical parameter sufficiently describing the
behavior of the material.
The utilization of lasers in RUS is twofold. Firstly, the lasers can be used for
detection of the vibrations, which, besides all advantages following from the
non-contact nature of such a detection, allows identification of the individual
vibrational modes, provided that the probe laser beam scans the surface of the
sample during the measurement. This improvement was first suggested by Ogi
et al.[42], who showed that the correct mode identification (i.e. the pairing
between the measured resonant peaks and the shapes of vibrations) may be
essential for reliable construction of the objective function (2).
Secondly, a focused laser beam can be also used for generation of the vibrations, which was first suggested by Zadler et al. [10]. This brings two main advantages: i) the sample has not to be in a direct contact with any piezoelectric
7

Figure 1: Schematic sketch of the temperature chamber used for the modal RUS measurements

transducer, and its vibrations are, thus, closer to real free vibrations (avoiding
the clamping force from the transducers, as well as the friction between the
sample and the transducer) and ii) a short laser pulse works as a very strong
broadband pulse, generating a large number of vibrational modes at the same
time, and thus, the RUS spectrum is recorded in a much shorter time (typically
in several milliseconds) then by sweeping through the same frequency range
using a transducer.
The modal2 RUS experimental arrangement at IT-CAS exploits all of the
above described features of laser-based generation and detection. It is com2 Here we use the term modal to point out that this arrangement is capable of scanning the
sample and determining the modal shapes. In other words, we use this term to distinguish this
arrangement from the one described in the next subsection.
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posed of a Nd:YAG laser (nominal wavelength 1.064 µm, pulse duration 8 ns,
pulse energy 25 mJ; Quantel ULTRA, US) used for generation of vibrations,
and a Micro System Analyser MSA500/600 (Polytec, Germany) including a
scanning laser interferometer for detection of vibrations and scanning of the
modal shapes. The sample itself is placed in an in-house-built vacuum chamber (see Figure 1 for a scheme and Figure 2 for a photograph), in which the
temperature is controlled by a computer-driven cascade of Peltier cells. The
outer walls of the chamber are cooled by a closed loop liquid cooled, acting as
a heat sink for the excess heat from the Peltier cells. During the measurement,
the chamber is filled with a dilute (∼ 20 mbar) dry nitrogen atmosphere, which
ensures a thermal contact between the sample and a cylindrical container surrounding the sample from three sides. The container is made of copper and is
directly thermally connected to the active area of the Peltier cascade. It is open
from above to enable the access of the scanning probe laser beam; from the
bottom side, the pulse laser beam comes through a conical hole and is focused
onto the bottom face of the sample. To ensure close approximation of the free
vibrations, the bottom surface of the container, on which the sample is freely
laid, is roughly machined. As seen from the benchmark examples [37], up to
80 modes measured using this experimental setup can match theoretically calculated frequencies with an error less than 0.1 %, which is the level of accuracy
of the dimensions and density of the sample. This means that if there is any
violation of the free boundary conditions from the contact between sample and
the container, its effect is below the resolution limit of the method.
The Peltier cascade enables a temperature control with accuracy down to
±0.01 K, whereto the temperature is measured on the sample container very
close to the sample (see Figure 1). Before each measurement, a stabilization
time of at least 90 seconds is used to ensure equal temperatures of the container
and at the sample. Then, the measurement is performed with the probe laser
beam scanning the upper surface of the sample in a regular grid, typically
including from 20×20 to 40×40 measurement points, using between 5 and 50
complex signals averagings for each point. Depending on the number of points
and the averaging, one measurement takes between 20 and 120 mins. The
current setup enables measurements from ∼ 220 K to ∼ 400 K.
The resonant spectra are typically recorded in a frequency range from 50
kHz to 2 (or 3) MHz. While the instrumentation allows measurements up to
25 MHz, this is not used for most of the samples, as no peaks at such high
frequencies can be usually detected due to damping. The recorded spectra are
afterwards processed by a numerical software (a M ATLAB toolbox developed at
9

Figure 2: Detail of the temperature chamber for modal RUS measurements. Photograph
by J. Zı́dek.

IT-CAS by P. Sedlák) in order to get the elastic constants and internal friction
parameters. The software is also capable of estimating the experimental error
(based on the sensitivity analysis described in detail in [37]) and to evaluate
the temperature changes of the elastic constants, using a perturbation theorybased approach introduced in [43].
From the papers included in the dissertation, the above described RUS setup
was used as the main experimental tool in [A1, A2, B1, B2, B3, C2, D1, D3].
It was, however, also used in the rest of them (i.e. [A3, C1, C3, D2]) for preliminary room temperature characterization of the examined materials and the
identification of modal shapes (as explained in the next subsection). Besides,
this arrangement was applied by the applicant and his coworkers for ultrasonic
characterization of a broad variety of other materials, ranging from nanoporous
semiconductors [44] to micro-architectured ceramics[45].

2.2

Single-point resonant ultrasound spectroscopy for characterization of materials at elevated temperatures

The temperature range of the modal RUS arrangement described in the previous subsection is limited from above to ∼ 400 K by the performance of the
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Peltier cells. However, several technologically important processes in metals,
such as annealing or ageing, take place at much higher temperatures [46]. In
order to enable monitoring of these processes by RUS measurement, a hightemperature modification of the RUS apparatus has been designed. One of the
requirements on such device was that the measurements at elevated temperature should be possible for extensive time-periods, as the annealing and ageing
processes typically take hours, days or even weeks. Hence, the device was
designed to be able to operate in such a regime. This required some simplifications of the experimental arrangement compared to the setup described in
the previous subsection. Most importantly, the elastic response is detected just
in one point at the surface of the sample, i.e. without scanning. Consequently,
the probe beam is focused onto the surface of the sample directly from the
interferometer head, without passing through any optical microscope or objective positioned close to the sample. This has two advantages: i) the sensitive
optics can be moved further away (i.e. to a ’safe distance’) from the chamber
that operates at high temperatures, ii) smaller amounts of data are collected
in each measurement, which is less demanding on data storage for long-term
annealing/ageing experiments.
On other hand, the disadvantages of such a simplification are obvious. The
modal shapes are not available, and thus, the reliable pairing of ω exp with
ω calc is not possible. In addition, there can be always some modes that have
antinodes (or small relative amplitudes) in the chosen measurement point and
do not, therefore, appear in the recorded spectrum. To overcome this disadvantage, the measurements using the single-point setup must be always complemented by room-temperature scanning measurements using the device described in subsection 2.1, usually one done before the high-temperature measurements and one done after them. The first scanning measurement provides modal shapes to individual resonant peaks that can be then traced in
the spectrum with increasing temperature. Similarly, the modes identified in
the scanning measurement after the high-temperature measurements enables
backward tracking of the modes. Of course, such an approach requires the
changes of elastic constants and internal friction parameters at high temperatures to be smooth and gradual, as the resonant peaks could not be traced over
sharp, discontinuous changes in the spectrum. However, the diffusion-driven
ageing/annealing processes discussed in [C1, C3, D2] are typically slow and
gradual, and thus, this approach is fully justified for them.
The high-temperature RUS device is depicted in Figure 3. It consists of a
pulse laser Litron Nano S (nominal wavelength 1.064 µm, pulse duration 6
11

Figure 3: The vacuum chamber for high-temperature measurements (on the left) and
the experimental setup for single-point RUS measurements using this chamber (on the
right). The optical paths of the pump and probe lasers are outlined by dashed red lines.
Photograph by J. Zı́dek.

ns, Litron, UK) an in-house-built temperature chamber with controlled atmosphere, and a Polytec OFV 505 laser vibrometer (Polytec, Germany). Similarly
as for the previous arrangement, the pulse beam is driven to the chamber using
fibre optics, and the probe laser beam records the vibrational response of the
sample through a silica glass window in the upper wall of the chamber. This
time, however, the vibrometer head is placed further away from the chamber
(to avoid its possible exposure to excessive heat), and the positioning and focusing of the probe beam spot onto the upper face of the sample is done by an
inclined mirror.
The chamber itself utilizes Joule heating for the temperature control, enabling the sample to reach temperatures up to ∼ 1000 K. Similarly as for the
Peltier cascade, the heating module is computer driven, enabling stabilization
and temperature control with a satisfying accuracy (±0.1 K). The cylindrical
sample container is embedded in a bulk heating stage made of heat-resistant
stainless steel. The heat transfer between the sample and the heating stage is
12

provided by a dilute nitrogen atmosphere. The outer walls of the chamber are
cooled by a water circuit; in addition, a reflective shielding is placed above the
heating stage to avoid direct radiation heat transfer from the stage to the upper
wall of the chamber.
As mentioned above, this experimental arrangement can be used for measurements lasting for days or even weeks. Besides the above described simplifications, this brings some additional requirements. Most importantly, this
arrangement must be equipped with an automated pressure control. At the
beginning of the measurement, the dilute nitrogen atmosphere is set to a pressure of ∼ 10 mbar, which is enough for the heat transfer to the sample. During
a long-term measurement, however, the pressure slowly increases due to evaporation of adsorbed gasses from the walls of the chamber a also some minor
leakage. A computer-controlled valve is used ensure that the pressure never
exceeds a chosen limit (typically set to 35 mbar). The setup also enables evacuating the chamber to ∼ 10−1 mbar and filling it with 10 mbar of dry nitrogen
any time during the measurement, to avoid possible corrosion of the sample
due to exposure of evaporated and leaked gasses. Furthermore, the whole device (temperature control, pressure control, vibrometer focusing, etc.) can be
controlled remotely, using a VPN inteface, which is necessary for experiments
running over several weeks.
The recorded data from the single-point high-temperature RUS arrangement are processed in a very similar manner as those from the modal RUS
arrangement, using an in-house-built M ATLAB toolbox. The software first loads
the data from room-temperature measurements with scanned modal shapes
(typically recorded before and after the high-temperature measurements), and
then enables manual tracing of the chosen peaks with temperature and/or
time. From the measured ω(T ) dependences, the temperature evolutions of
the elastic constants are then determined. Let us notice that the temperature
shifts of the elastic constants can be determined with even higher accuracy
than the constants themselves, as shown using the perturbation theory-based
approach in [43].
The single-point high temperature RUS arrangement was used as the main
experimental tool for papers [C1, C3, D2] included in the dissertation. Besides,
it was used for e.g. monitoring of ageing processes in titanium alloys (not published yet), or for characterization of stability of microstructure and bonding
quality of sprayed coatings [47, 48].
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2.3

Line-source/point-receiver arrangement for measurements
under uniaxial stress

The RUS method, in principle, enables measurements only in a stress-free state,
as it follows from the boundary conditions requirement for (1). In several
cases, however, also the evolution of elastic constants with pre-stress can be
essential for understanding the mechanics of the examined material (e.g. [49,
50]). For such cases, the line-source/point-receiver arrangement described in
this subsection has been developed.
The characterization of pre-stressed media using this arrangement is based
on measuring the velocities of surface acoustic waves (SAWs) along a given
direction at a given free surface of the sample. The velocites of SAWs in different directions are, again, dependent on the elastic constants and the mass
density of the material. Hence for a set of SAW velocities vnexp (pn , qn ), each
corresponding to a propagation direction qn and a free surface orientation pn
(i.e., qn ⊥ pn ), one can write a similar objective function as (2), which is
X
2
F (Cijkl ) =
vncalc (pn , qn , Cijkl , ρ) − vnexp (pn , qn ) ,
(4)
where the calculated velocity data vncalc are obtained, again, using a numerical
simulation. As shown in [51], a suitable tool for this calculation can be the
Ritz-Rayleigh method, which makes the inverse problem for SAWs (i.e., the
minimization of (4)) very similar to the inverse problem for RUS. This similarity enables us to adopt most of the theoretical tools used for the RUS data
analysis also for the SAW data analysis.
Let us point out that the velocities vncalc obtained by the Ritz-Rayleigh approach described in [51] are phase velocity data, while the data obtainable
from LU measurements using a point-like source and point-like detector arrangement would be group velocity data in the directions given by the positions
of the source and the detector. In anisotropic material, the phase velocity and
group velocity may significantly differ, as the anisotropy leads to energy focusing along specific directions [52]. For this reason, the pump laser is focused
into a line instead of into a point. The direction perpendicular to the linelike source and to pn determines the wave vector direction of the propagating
SAWs to qn , and the phase velocity can be determined by measuring times-offlight of broadband pulse-like SAWs in a small number of points lying along
the direction qn [51]. By rotating the sample, SAW data for a set of qn -s can
be achieved; if several differently oriented free surfaces are available for the
measurement, several such sets can be obtained, each for one pn .
14

Figure 4: A schematic sketch of the line-source/point-receiver LU setup. Modified after
[51].

The experimental arrangement for this technique is depicted in Fig.4. The
particular instrumentation built and operated at IT-CAS is shown in Fig. 5.
It consist of pulse laser (Nd:YAG, 1.064 µm, pulse energy 110 µJ, pulse duration 530 ps, STANDA, Lithuania), a rotation stage for the sample, and a
broad-aperture laser vibrometer BossaNova TEMPO (1 GHz bandwidth, Bossa
Nova Technologies, USA). The rotation stage can be further equipped with an
in-house built testing machine allowing for unidirectional tensile/compressive
loads up to 7 kN, mounted on the top of the stage, as seen in Fig.5. Hence,
phase velocity maps vnexp (pn , qn ) (typically for one or two pn -s determined by
the faces of the sample) can be obtained for different stress levels.
The outputs of the measurement (i.e., sets of recorded signals at different
stress levels) are further processed by a software developed at IT-CAS, enabling
identification of SAW arrivals in each signal and, subsequently, inverse deter-
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Figure 5: The experimental arrangement for line-source/point-receiver measurements
under uniaxial stress. Modified after [53]. Photograph by J. Zı́dek.

mination of the elastic constants.
Notice that the methods based on SAWs are in principle less accurate than
the RUS measurements, as they lack the resonant character of RUS. Hence,
the line-source/point-receiver setup is suitable mainly in the cases when the
changes of elasticity with pre-stress are pronounced (comparable with the values of the elastic constants themselves.) Furthermore, the device can currently
operate only at the room temperature, which is controlled with accuracy ±1 K
by the air-conditioning system in the laboratory. Despite of these limitations,
this experimental arrangement recently provided several unique data. Besides
the results for the Fe-Pd shape memory alloy reported in the dissertation within
the paper [A3], similarly interesting results were also observed for NiFeGaCo
single crystals [53] and NiTi polycrystals [54]. Nowadays, the SAW-based LU
methods are envisaged as the main direction for future development of the experiments at IT-CAS, with the ultimate aim to enable full characterization of
anisotropic elasticity under temperature and stress. This may be of essential
interest for understanding the behavior of crystalline materials close to their
stability limits and critical points [55, 56].
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3
3.1

Summary of results of the papers included in the dissertation
Ultrasonic characterization of shape memory alloys (papers
[A1, A2, A3])

Shape memory alloys (SMAs,[57, 58, 59]) are an intriguing class of materials.
These alloys exhibit several unique thermomechanical features, ranging from
the shape memory effect itself to a gum-metal behavior [60]. All these features
are results of the ability of these alloys to undergo thermoealstic martensitic
transitions between the high-temperature phase called austenite, to the low
temperature phase (or a variety of low-temperature phases) called martensite. SMAs belong among a broader class of solids called ferroelastics [61],
exhibiting a transition between a paraelastic (entropy controlled) state and a
ferroelastic state characterized by spontaneous strains breaking the symmetry
of the paraelastic state. Within this class, however, the SMAs are those with
the most apparent potential for applications, as they, in addition, exhibit several technologically favorable properties typical for metals, such as workability,
electric conductivity, easy alloying, etc..
Mechanics of SMAs is a rich and still not fully explored research area, merging ideas from as distant disciplines as metallurgy and calculus of variation.
The elastic constants of the individual phases play an important role here. Not
only that the knowledge of elastic constants is required for designing applications of SMAs and simulating micromechanism of stress-strain behavior of
SMAs. Even more importantly, the constants themselves are closely related to
the martensitic transitions [62, 63], as these transitions are, using the terms
from the theory of ferroelastics, mediated by soft acoustic phonons. In the terms
of mechanics, this means that close to the transition temperatures or under mechanical loads close to thresholds for initiation of stress-induced transitions the
crystal lattice of the given phase becomes extremely soft against shearing along
some specific directions, which indicates the loss of stability of the lattice. This
so-called shear softening or phonon softening is understood as a reliable precursor of the transition. Motivated by existence of these precursors, the elastic
constants of SMAs have been extensively studied for decades now [64, 65, 66].
The softest shear constant of the austenite phase is typically the diagonal shear
stiffness c0 = (c11 − c12 )/2.
The use of highly accurate and easily employable LU methods opens completely new possibilities in this direction. As mentioned in section 2, several LU
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methods are particularly sensitive to shear elastic constants. Most apparently,
the RUS method (see 2.1 and 2.2) is capable of very accurate determination of
the softest shear elastic constant, i.e. the constant that exhibits phonon softening.
The papers [A1, A2, A3] included in the dissertation illustrate what various
forms can the LU-based measurements of elastic constants of SMAs take. The
first paper ([A1]) reports on determination of elastic moduli of thin SMA films
undergoing a martensitic transition. This paper shows that the RUS method
is capable of very accurate in-situ assessment of an elastic modulus of a supported film, enabling clear observation of the phonon softening of both the
high-temperature phase and the low-temperature phase. In the second paper
([A2]), the ability of the RUS method to determine the full tensor of elastic constants is utilized. This paper shows that the stress-induced reorientation of a polycrystalline SMA (reorientaion is a mechanical process when the
low-temperature phase becomes oriented such that it relaxes extrenal stresses)
leads to a detectable and physically interpretable elastic anisotropy. Finally,
the third paper ([A3]) shows the ability of SAW-based LU methods (see paragraph 2.3.) to characterize elastic anisotropy under stress. This measurement
is done on a very specific SMA, exhibiting a so-called critical behavior [55, 56],
enabling smooth (second order-like) transitions between the phases. Monitoring the evolution of elastic constants enables a unique deeper insight into the
mechanism of the critical state, not achievable by any other method.
The main results can be summarized as follows: In [A1], we showed that
the RUS method is capable of accurate determination of elastic constants of
this surface films using an approach based on comparing the resonant spectra
of a given substrate sample with and without the film (Figure 6(a-d)). By this
approach, temperature evolutions of Young’s moduli were obtained for three
different films (Figure 6(e-g)). It was observed that these evolutions are both
qualitatively and quantitatively very similar to the results obtained for bulk
single crystals (see Figure 4 in [A1]) for a comparison.
The main result of [A2] can be best illustrated by Figure 7, showing the
fundamental effect of elastic anisotropy of polycrystalline Ni-Ti alloy on the
macroscopic stress-strain response of the material. Besides, the paper proves
the RUS method to be able to detect small changes of anisotropy resulting from
reorientation of martensite. Finally, the paper [A3] reports on a completely
unique measurement, evaluating elastic anisotropy of a stress-induced tetragonalized state of the Fe-Pd alloy. Here, the main result is summarized in Figure
8, showing the evolution of soft acoustic phonon modes of with prestress in
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a post-critical Fe-Pd alloy. It it seen that unlike for classical SMAs, where the
these phonons typically soften with prestress (their slowness is increasing),
here the softest phonons are stiffening (decreasing slowness), which confirms
the post-ritical behavior. At the time the paper [A3] was published, it was not
clear whether the soft phonon structure of the stress-induced tetragonalized
lattice really corresponds to a soft phonon structure typical for tetragonal SMA
martensites, as no measurements for such material were available in the literature. Some confirmation of this hypothesis was brought two years later by
Sedlák et al.[68] (applicant being the corresponding author), who reported
on elastic constants of non-modulated tetragonal NiMnGa martensite. Indeed,
this materials exhibited exactly the same orientation of soft shearing modes as
the teragonalized state of the Fe-Pd alloy.

Figure 6: A summary of results of paper [A1]: (a,b) temperature evolutions of a chosen
RUS resonant peak with and without the film; (c,d) the corresponding modal shapes;
(e,f,g) resulting evolutions of Young’s modulus for three different films. The labels
(A, R, M)(S,F) refer to start and finish temperatures for austenite, R-phase and martensite, respectively.
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Figure 7: A comparison of the simulation and experiment for unidirectional tension/compression tests of polycrystalline NiTi using the constitutive model described in
[67]: (a) simulation assuming isotropic elastic constants for polycrystalline martensite;
(b) simulation assuming anisotropic elasticity of martensite developing with reorientation, as described in [A2]. Graphs courtesy of P. Sedlák.

3.2

Ultrasonic characterization of materials with strong magnetoelastic coupling - the case of FSMA high-temperature phases
(papers [B1, B2, B3])

Similarly to the ferroelastic phase transitions, the magnetostriction, i.e. the
spontaneous straining of the crystal unit cell due to rotation of the magnetization vector, may have a significant impact on the elastic constants. For materials
with strong magnetostriction but weak magnetocrystalline anisotropy, the socalled δE effect emerges [69]. This effect can be observed as an anomalous
decrease of Young’s modulus of the material for strain amplitudes below the
magnitude of magnetostriction. The physical reason for this phenomenon is
obvious: For such small amplitudes, the part of the externally imposed strains
can be relaxed by rotation of the magnetization vector. Such a coupling between strain and magnetization is called the magnetoelastic coupling.
Apparent examples of materials exhibiting high magnetostriction and weak
magnetocrystalline anisotropy are the high-temperature phases (austenites) of
ferromagnetic shape memory alloys (FSMAs), namely FSMAs with Heuslertype atomic ordering [70]. The reason is that in Heusler alloys the magnetization vector field can be strongly destabilized by crystal defects, in particular the
anti-phase boundaries (APBs, see [71, 72] for examples and physical reason-
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ing), which leads to a significant decrease of magnetocrystalline anisotropy.
At the same time, the austenites of FSMAs have soft shearing modes due to
their ability to undergo the thermoelastic martensitic transitions upon cooling;
this means that their unit cells can get easily deformed along the cubic-totetragonal path. This amplifies the effect of the magnenization vector on the
lattice parameters and results in relatively high magnetostriction [73].
The LU methods can be utilized to analyze the lattice softening due to magnetoelastic coupling using very similar approaches as for phonon softening in
conventional SMAs. As discussed by Heczko et al. [74] (applicant being among

Figure 8: Evolutions of soft acoustic phonons (slowest transversal acoustic modes) for
the Fe-Pd single crystal studied in [A3]. As seen in (a), both phonons exhibit decrease
in slowness, which means stiffening. Polar plots of the slowness curves in two principal
cuts are seen in (b) and (c). Modified after [A3].
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Figure 9: Evolution of a chosen resonant peak in RUS measurement with increasing
external field (modified after [74]). The field suppresses the rotations of the magnetization vector, which leads to stiffening (i.e., increase of the resonant frequency) and
decrease of magnetoelastic damping (i.e. decrease of the peak width). The shown
example was measured on Ni-Mn-Ga premartesite at 240 K.

the co-authors), especially the RUS method is a suitable tool for analyzing the
magnetoelastic phenomena (see Figure 9). Three papers showing examples
of such analyses are included in the dissertation, the first two [B1, B2] being
done on the most prototypical FSMA, which is Ni-Mn-Ga, and the last one [B3]
on a more unusual alloy Co-Ni-Al. The first two are fully focused on the RUS
measurements for the given alloy, the third one brings also several detail on
microstructure, heat treatment, transition temperatures, and other properties
of the Co-Ni-Al alloy.
In two respects, the characterization of magnetoelastic coupling in FSMAs
by means of RUS is more intricate than just the characterization of phonon
softening in conventional SMAs. The first difference is that the magnetoelastic
coupling is manifested not only by elastic softening, but also by a significant
increase of damping. On one hand, this helps us to detect the coupling; on
the other hand, extensive damping may lead to much more difficult RUS spectra analysis, due to overlapping of the peaks and lower signal-to-noise ratio.
The second difference is that, in order to obtain more complete information,
some of the RUS measurements must be done in an external magnetic field.
This brings some additional technical difficulties - the sample must be prevented from rotating along the field (and thus, the ideal stress-free boundary
conditions for the vibrations are necessarily broken), and also the temperature
control cannot be provided by the vacuum chambers described in section 2, as
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they do not allow the sample to be placed in a sufficiently homogeneous magnetic field. The papers in this section bring, thus, a mixture of results obtained
in zero field using the RUS arrangement described in paragraph 2.1, and those
obtained using more dedicated RUS arrangements for measurements in the
field.
The main results of papers [B1] and [B2] are seen in Figure 10. The soft
elastic coefficient c0 exhibits different softening trends depending on the external field and on the heat treatment (illustrating the role of defects in the
quenched material). It is seen that the softening can be clearly decomposed
into the phonon-induced one (being nearly the same for both materials) that
appears in saturated magnetic field, and the one resulting from magnetoelastic
coupling.
Figure 11 shows the same effect for the CoNiAl alloy [B3], where the magnetic transition (i.e., the Curie point) is spread over a broader temperature
range due to complex microstructures appearing in this alloy. Again, the paper
[B3] proves that RUS can be used as a tool for decomposing phonon-mediated

Figure 10: Summary of results of papers [B1] and [B2]: c0 (T ) softening curves upon
cooling with and without external magnetic field. Results for two materials are shown;
the quenched material has higher desity of defects, which increases the magnetoelastic
coupling effects. TC and TPM denote the Curie point and the premartensitic transition
temperature, respectively.
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and magnetoelastic softening, utilizing its genuine sensitivity to the softest
shear coefficient c0

Figure 11: Temperature evolutions of the magnetization (a) and soft shear elastic modulus c0 for the CoNiAl ferromagnetic shape memory alloy. In (b), c00 stands for the c0
coefficient unaffected by magnetoelastic softening, i.e. having the dc0 /dT slope given
solely by phonon-mediated softening.

3.3

Ultrasonic characterization of materials with diffusive phase
transitions - the case of embedded particles

Unlike the martensitic transitions, the diffusive transitions are not preceded by
any softening of acoustic phonons, and so there is no obvious reason for using
them for monitoring the transformation process instead of more conventional
methods, such as differential scanning calorimetry (DSC) or resistivity measurements, or instead of diffraction-based methods that directly provide also
some information on the crystal structure.
The only case where the ultrasonic methods are irreplaceable is when the
diffusive transition appears just in very small volumes inside of the material (cf.
[75, 76, 77]), i.e. in small particles embedded in the crystal lattice. Then, the
RUS method, which is sensitive to even very small changes of the properties
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of the material, can give much more reliable information on the onset of the
transition as well as on its evolution in time.
The dissertation includes three papers illustrating such an approach. In
[C1], the analyzed material is a free-cutting aluminum alloy with small
meltable particles inside the material. These particles melt at much lower temperatures than the melting temperature of the matrix. Due to the very small
volume fraction of the particles (< 1%), the DSC characterization becomes unreliable. We show, however, that the RUS method can detect the melting and
solidification of the particles very accurately, and, based on the RUS results, we
can discuss the origin of the melting-solidification asymmetry and the evolution
of the transition temperatures with cycling.
The other two papers, [C2] and [C3], are concerned with a slightly different topic. In metastable β−titanium alloys [78, 79], annealing at moderate
temperatures leads to nucleation and growth of nanometric particles of the
isothermal ω phase. Neither the volume fraction, nor the kinetics of the growth
can be reliably detected by any diffraction measurements, since the ω phase is
fully coherent with the β−matrix, and thus, most of the diffraction peaks of
these phases coincide. Some information can be obtained from the electrical
resistivity; however, as we show in [C2] and [C3], the most reliable quantita-

Figure 12: Main results of papers [C2] and [C3]: (a) the effects of ω−particles growth
on anisotropy and magnitude of Young’s modulus of Timetal LCB single crystals; (b) the
same effect on shear elastic moduli of Ti-15Mo single crystals. In both cases, the growth
leads to strong stiffening and isotropization.
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tive information can be assessed from laser-based RUS measurements (Figure
12). More precisely, as discussed in [80], the RUS measurements are complementary to the resistivity measurements, as the resistivity is more sensitive
to the presence of phase interfaces, and the RUS measurement to the volume
fraction of the individual phases.

3.4

Ultrasonic characterization of materials processed by severe
plastic deformation

The last section of the dissertation discusses the applications of LU methods for
polycrystalline materials with high volume fraction of grain boundaries (GBs).
For a polycrystal with the grain size of several µm or larger, the GBs can be considered as of zero volume, having only a negligible effect on the macro-scale
elastic constants or macro-scale internal friction parameters. When the grains
are nanoscopic, however, the boundaries may start playing a dominant role.
The well-established homogenization theory for polycrystals [83, 84] typically
assumes that the macro-scale elastic constants of a polycrystalline aggregate
can be calculated from the orientation distribution function (ODF) and from a
statistical description of the shapes of the grains, possibly involving also correlations between these two parameters [85]. This theory, however, obviously
cannot capture the case of ultrafine-grained materials, such as those processed
by severe plastic deformation (SPD,[86, 87]), where the properties may be
strongly affected by GBs. The relation between the microstructure and the
macro-scale elastic properties then becomes unclear and calls for an experimental investigation.
The papers [D1, D2, D3] represent three examples of laser-based RUS characterization of such materials, revealing, in some respect, a surprising role of
GBs. In the first case ([D1], polycrystalline copper processed by Equal Channel
Angular Pressing, ECAP [88, 89]) we showed that the elastic constants of such
a material can adopt a symmetry class resulting neither from the processing
directions, nor from the crystallographic texture, but from the dominant orientation of GBs and the shape of the grains. For this analysis, we utilized the ability of LU methods to determine the elastic constants of a generally anisotropic
(triclinic) solid, verified later on benchmark examples in [37]. This means that
the result in [D1] might not be possible to obtain by any other experimental
method. The most illustrative result from [D1], i.e. the result for a material
after one ECAP pass (denotes 1P1 in [D1]) is given in Figure 13, showing the
estimated material symmetry from the elastic constants and the corresponding
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Figure 13: Symmetry class determination based on elastic constants for fine-grained
polycrystalline copper: (a) a function measuring the level of mirror symmetry of elastic
properties over a plane with a normal vector given by Euler angles ψ and θ; (b) optical
microscopy of the microstructure showing significant grain elongation along the plane
identified in (a). Modified after [D1].

microstructure.
In the second paper ([D2], the AZ31 magnesium alloy processed by ECAP),
we showed that the LU methods can provide very valuable information on the
GBs themselves, in particular on grain boundary sliding, which is a dominant
mechanism of superplastic forming of the examined alloy [90, 91]. Based on
the RUS data, we were able to determine the activation energy and the onset
temperature for a dominant GB mechanism, and correlate these parameters
with grain size. The resulting data revealed a nearly linear dependence between these two parameters over a broad range of grain sizes (Figure 14).
The third paper included in the dissertation, [D3], shows that the LU methods can be also utilized for a completely opposite task: to prove that the grain
boundaries may not affect the elastic anisotropy at all. The studied materials
are cold-sprayed metallic deposits [92, 93] with a very dominant GB orientation, resultant from the spraying process. The impact-induced severe plastic
deformation inside of the individual grains [94], however, adds enough randomness to the microstructure such that resulting polycrystalline aggregate is
perfectly isotropic. From the materials science point of view, this paper brought
data confirming that cold-spraying can produce materials with elastic properties very close to bulk polycrystals.
The potential use of the LU methods and ultrasonic methods in general for
finely grained materials is, however, much broader that what illustrated by the
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Figure 14: Correlation between activation energy U and onset temperature T ∗ for GB
sliding in the AZ31 alloy revealed by ultrasonic measurements. Individual points in the
graph represent samples with different levels of grain refinement, for the smallest (4P)
and largest (0P) grains, EBSD maps of the microstructure are given. Modified after
[D2].

chosen three papers. As observed already by Kobelev et al. [95], the grain
refinement leads to a weak but detectable decrease of the elastic modulus,
probably due to an increased amount of amorphous phase coming from the
GBs. This fact was utilized by the applicant’s research team for example for
characterization of heterogeneous grain refinement in materials processed by
high-pressure torsion [96], or for in-situ monitoring of recrystallization in coldsprayed materials [48]. Another example can be found in [97], where the
applicant and his team used the RUS measurements for an in-situ detection
of surface micro-cracking in ECAPed AZ31 when subjected to temperatures
below the freezing point. Again, as the micro-cracking affects only a very small
volume fraction of the material, detecting this process in-situ by any other
experimental method might not be reliable or even possible, while in RUS a
two-orders-of-magnitude increase in the internal friction parameter is observed
(Figure 15).
Finally, let us notice that the paper [D3], in some sense, also well illustrates the limitations of the RUS method and of the LU approaches themselves.
Despite the perfect elastic isotropy, the cold-sprayed coatings systematically
exhibit anisotropic fracture toughness [98]. Similarly, the extruded/ECAPed
magnesium alloys [D2, 99] can have strongly anisotropic yield stress while ex28

Figure 15: Detection of surface micro-cracking of finely grained AZ31: (a) an evolution
of RUS spectra along a temperature cycle; (b,c) micro-cracked regions along the edges
of the sample. The green experimental points in the lower left corner of (a) were
obtained for a sample with a special surface treatment that prevented micro-cracking.
Modified after [97].

hibiting a perfect elastic isotropy. In other words, while the elastic constants
obtained by the LU methods may be very good indicators of some processes in
the examined materials, it must be always taken into account that they characterize the behavior of the material at very low strain amplitudes and in a fast
(adiabatic) regime. The LU methods, in spite of their versatility and power, can
thus, never replace classical destructive methods of experimental mechanics.

4

Concluding remarks and future outlook

The above given and commented set of papers can be understood as a proof of
how broad is the range of materials science topics the LU measurements can
cover, and what new insights can the LU methods bring. At the same time, it
can be understood as a motivation for further development of these methods
and for exploring new possible areas for their applications.
Under the applicant’s leadership, the Department of Ultrasonic Methods ITCAS currently aims for utilizing the LU approaches in several new directions.
Among them, the most intriguing are:
1. going beyond the homogeneity assumption – the applicant is currently
a PI of the Czech Science Foundation project entitled Advanced laser29

ultrasonic characterization of structural transitions in metals – analysis
beyond the homogeneity assumption, where the main aim is to explore
the ability of LU methods to characterize materials heterogeneous at the
lengthscales comparable to the wavelength. This covers e.g. a characterization of embedded planar interfaces in multi-layered composites (in collaboration with ICV-CSIC Madrid, Spain), laminate-type microstructures
in shape memory alloys (in collaboration with Tohoku University, Japan),
or functionally graded titanium alloys (in collaboration with Charles University). Several types of heterogeneity are considered (Figure 16), especially those that may appear during phase transitions on metallic materials, or, vice-versa, artificially created heterogeneities that can significantly
affect the phase transition mechanism.
2. going beyond the linearity assumption – the non-linear ultrasonic characterization is a self-sustained field of non-destructive testing of materials
[100, 101], where also the LU-based approaches can be utilized. However, the direction the applicant’s team is currently planning to follow
is much more oriented on the fundamental research: studying material
with inherently non-linear stress-strain response, resulting for example
from the precursor softening or from the presence of highly mobile ferroelastic domain walls in SMAs. Preliminary results (Figure 17) indicate
that both the laser-based RUS measurements or the TGS measurements
may be able to detect and quantify such non-linearity. This opens a completely new possibilities and posts new challenges for LU-based charac-

Figure 16: Types of heterogeneities (upper row) and the thermally activated processes
in them (lower row) to be studied in the current research project lead by the applicant.
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Figure 17: Nonlinear stress-strain character of a Ni-Mn-Ga FSMA single crystal in the
martensite phase. On the left: difference in RUS spectra with and without the highly
mobile ferroelastic domain walls, different colors refer to different pump beam amplitudes. On the right: the stress-strain curve estimated from the RUS measurements.
Modified after [102].

terization, requiring a quantitative assessment of strain amplitudes and
advanced signal processing.
These new directions may even broaden the range of applicability of the
currently utilized LU methods, but they also might (and nearly certainly they
will) also initiate completely new LU-based concepts. This is the research philosophy the applicant wanted to be illustrated by this dissertation. The LU
methods, in principle, are always rather demanding regarding both their instrumentation and the processing and interpretation of the recorded experimental
data. For these reasons, most of the LU-based approaches will never become
broadly used or commercially available. But they are consistently getting the
recognition they deserve from the point of view of fundamental research in the
field of experimental mechanics and characterization of materials; all papers
included in this dissertation somehow aimed to contribute to this recognition.
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[C2] Nejezchlebová, J., Janovská, M., Seiner, H., et al. (2016) Acta Materialia, 110, pp.
185-191.
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[44] Janovská, M., Sedlák, P., Kruisová, A., et al. (2015) Journal of Physics D: Applied
Physics, 48 (24), art. no. 245102.
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