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In advanced functional materials, where the prestress can initialize phase transitions or other structural
changes, the effect of the increasing load on an acoustic wave velocity is substantial and can provide important
information on the undergoing physical phenomena. In this paper, a novel method for contactless measurements
of acousto-elastic parameters is presented. The contactless arrangement, based on the concept of laser-ultrasound,
enables an accurate detection of small changes of the velocities of surface acoustic waves in various directions. Be-
cause of this contactless arrangement, the changes of the sample shape during the loading do not affect the results,
which can be assumed as the main source of inaccuracy for classical contact methods. The experimental device
and its control system is described in detail, and its application possibilities and limits are shown on examples of

shape memory alloys.
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1. Introduction

Acoustoelastic effect refers to the dependence of the
acoustic wave velocity on stress or strain. The interest in
acoustoelasticity has been stimulated by measurements
of residual stresses in polycrystalline materials [1] and
the study of anharmonic behaviour of long-wavelength
acoustic modes in single crystals [2].

Since the acoustoelastic coupling (stress-induced
anisotropy) is very weak in structural polycrystalline ma-
terials, other factors such as temperature, microinhomo-
geneity, texture, which are usually neglected in engineer-
ing applications of the theory of elasticity, cannot be ne-
glected in the study of acoustoelasticity. For this reason,
the ultrasonic methods for measuring residual stresses
have not been fully developed yet [3].

However, in advanced functional materials, where the
prestress can initialize phase transitions or other struc-
tural changes, the evolution of acoustic wave velocity
with increase of load can be substantial and can pro-
vide an important information on the undergoing physi-
cal phenomena.

The semi-linearized theory, first published by Thurston
and Brugger in [4], enables to develop methods for deter-
mination of third-order elastic constants from the change
of wave velocities in crystals under the influence of initial
stresses. This approach was used for study of lattice sta-
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bility and martensitic transformation in Cu-based shape
memory alloys by Gonzalez-Comas and Manosa in [5],
where complete set of third-order elastic constants of the
SMAs single crystals are a function of temperature. This
method for the characterization of stress-induced phase
transition brings two difficulties [6]. Firstly, theory of
Thurston and Brugger supposed a small difference be-
tween instantaneous and stress-free acoustic wave propa-
gation velocities. This condition cannot be fulfilled in the
case of stress-induced transformations [7]. This problem
can be solved by evaluation of second-order elastic con-
stants as a function of the applied stress. It means that
in each loading step, the inverse procedure for determi-
nation of complete elastic tensor [8] will be applied, and
hence softening phonon modes can be identified. Sec-
ondly, the time of flight measurement of wave velocity
by the contact approach is influenced by the change of
sample size and shape due to applied strain.

In this paper, both optical part and the control sys-
tem of the experimental arrangement is presented. The
suggested method is based on measurements of velocities
of surface acoustic wave propagation along the specimen
surface in various directions with respect to the loading
direction. Due to the fully contactless approach, the geo-
metrical changes of the sample do not affect the velocity
measurement.

2. Experiment

The propagation of the planar surface acoustic waves
(SAW) along the flat surface of isotropic homogeneous
material exhibit minimal dispersion effect and the SAW
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velocity gives information on mechanical properties in
the propagation direction. The penetration depth of
the SAW corresponds to the acoustic wavelength that
is large enough for the inspection of the bulk properties.
Although the SAW propagation on anisotropic solids is
more complex [9], the detection of the SAW propagation
in various direction on the specimen surface allows to
map the instantaneous anisotropic properties of tested
material. The SAW propagation is constrained only on
one side of the specimen and rest of the sample surface
can be exposed to the external loading.
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Fig. 1.
sonic SAW method for in situ material characterization
under uniaxial mechanical loading.

The experimental setup of laser-based ultra-

The applied laser technique is similar to the system
described in [10]. In the presented experimental setup
(Fig. 1), the SAW was excited thermoelastically by the
impact of an infrared laser pulse. A beam of the Nd:YAG
laser (1064 nm, pulse energy > 100 pJ, pulse width
500 ps and 1 kHz repeating frequency) was focused via
a cylindrical lens into a line-like source on the sample
surface. The line source provides the generation of pla-
nar SAWs. The surface vibration was detected at vari-
able pump—probe distances by a homodyne laser inter-
ferometer (532 nm) with an adaptive beam combiner,
using two-wave mixing in a photorefractive crystal. The
signal which is proportional to the instantaneous out-
of-plane displacement of the surface was recorded. The
frequency bandwidth of the interferometer output was
restricted to 100 MHz. The spot size of the probe laser
beam was less than 10 ym. The pump-line-source spot
is fixed and the point-probe spot is translated along the
sample surface. This arrangement protects the sample
surface from the potential damage caused by an infrared
laser source. The higher level of energy density of the
pump laser can cause a localized melting of the exposed
surface. This effect is dependent on the properties of a
tested material. The energy level is usually decreased be-
low the melting limit and the signal-to-noise ratio of the

recorded signal is attained by averaging of repeated shots
in an acquisition scope card. Since the higher averag-
ing number increases measuring time, the adjustment of
the laser power and averaging number must be balanced.
The averaging over 1000 shots for high speed scope card
NI - PXlIe 5162 10bits/5GS/s was found optimal. The
optical large aperture beam (50 mm in diameter), outgo-
ing from the interferometric system, is nearly collimated.
Motorized translators with a pair of large silver mirrors
(3 inch in diameter) and the objective lens with focus
length 100 mm were used for precise positioning and fo-
cusing of the probe beam on the sample surface. The
repeatable precision of the probe beam position is bet-
ter than 0.1 pm. Typical translation step in the scan
of pump-probe distance was 30 pym in the range 200-
900 pm. The minimal value (200 pm) of the pump-probe
distance was found ideal for the elimination of the near-
field effects of the acoustic source.
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Fig. 2. Typical stress—strain dependence of stress-
induced martensitic transformation in Ni-Ti.

The prismatic specimens of advanced functional ma-
terials were placed in the laboratory-made uniaxial load-
ing two-guide-rod micro machine working in compression
mode. The force was measured from strain measure-
ment on both guide rods by the calibrated full bridge of
semiconductive strain gauges with temperature compen-
sation with precision 0.5 N in the range up to 6 kN. Typ-
ical stress—strain dependence of stress-induced marten-
sitic transformation in Ni-Ti sample can be seen in Fig. 2.
The displacement was measured by inductive transducer
(LVDT) with free movable plunger (linearity better than
+3 pm in the range of 10 mm). The stress—strain con-
trol of loading is available. The temperature was moni-
tored by the miniature thermocouple (0.3 mm in diame-
ter) placed near to the specimen. The testing microma-
chine was rotated by the motorized rotation stage with
high precision (0.3 degree).

The measuring process starts with the setting of the
stress loading and then the SAW signals are recorded for
each defined pump-probe distance in all given angular
positions of the sample.
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3. Results and discussion

Typical signal data set for given loading levels and for
the SAW propagation in a loading direction (theta = 0)
is shown in Fig. 3. Owing to the imperfect stabiliza-
tion of the interferometric setup the signal phase was
changing and thus poor results were obtained after aver-
aging. For better results, the absolute values of signals
were averaged. Despite the fact that the signals in Fig. 3
are in their absolute values the arrivals of SAW and also
skimming surface longitudinal waves (SSLW) are observ-
able. A SSLW is a surface longitudinal wave that ex-
hibits strong dispersion (with comparison to the SAW)
because SSLW generates a transverse wave (TW) propa-
gating from the surface into a bulk of the sample. Since
SSLW acts as a supersonic movable source of a TW, the
determination of a SSLW arrival is influenced by velocity
of a transversal wave and strongly depends on spatial dis-
tribution of the finite acoustic source. Precise analysis of
the SSLW waveform and evaluation of its velocity needs
a more realistic model of the acoustic source and a wave
propagation model. At the present time, the determined
SSLW velocity can be used for the rough estimation of
velocity of a longitudinal wave (LW) propagating in the
bulk. By contrast to the evaluation of SSLW, the SAW
velocity can be evaluated more precisely because of the
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Fig. 3. Ultrasonic signal set for stress free (a) and max
loaded (b) state of the Ni-49.5Ti sample, red = SAW,
green = SSLW.

perfect detectability of a wave arrival and neglectable
dispersion. The presented specimen was cut from the
rod of fine-grained material of Ni-49.5Ti (50.5 at.%Ni-
49.5 at.%T1), for details see [11].

Evolution of SAW velocities at various directions of
propagation starts from common origin at stress-free
state (Fig. 4). The SAW at the compression direction
rapidly increases its velocity from 0.5% of strain whereas
SAW velocities decrease with increase of the propaga-
tion angle. Minimal value of velocity is at perpendicu-
lar direction to the loading. This anisotropization can
be explained by elasticity softening at R-phase transfor-
mation [11]. Following martensitic transformation and
martensitic reorientation causes increase of the SAW ve-
locity. During unloading of the final martensite, the
SAW velocity decreases along the loading curve without
hysteresis.

Detailed context with microstructural processes is pos-
sible to discuss after evaluation of elastic properties by
inversion of acoustic data in [8]. In this paper, the de-
scribed example illustrates potential of the laser-based
ultrasonic method for in situ material characterization
during mechanical testing.
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Fig. 4. SAWs velocities different directions with re-

spect to loading.

4. Conclusion

A novel method for acoustoelastic characterization of
functional materials was presented. The contactless ar-
rangement, based on the concept of laser-ultrasound, en-
ables accurate detection of small changes of the surface
velocities and estimation of bulk acoustic waves in var-
ious directions on a small sample loaded uniaxially in a
testing machine. Due to this arrangement, the changes
of the shape of the sample during the loading do not af-
fect the results, which can be assumed as the main source
of inaccuracy for classical contact methods. The exper-
imental device and its control system was described in
detail, and its applicability was shown on Ni—49.5T1 sam-
ple. The described experimental technique has a great
potential for in situ non-destructive characterization of
microstructural processes during material testing.
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