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Introduction

Ultrasonic techniques to measure the thickness of a sam-
ple typically require its sound speed as a priori knowl-
edge, or vice versa. However, there are situations in
which the sound speed is not precisely known, e.g. when
it is influenced by temperature and thus a precise thick-
ness measurement is not possible. To overcome this lim-
itation, we use laser-ultrasound to simultaneously gen-
erate and detect plate resonances and a surface acous-
tic wave with a specific wavenumber. As a contact-free
method, laser-ultrasound can be applied in challenging
measurement environments, such as on hot or moving ob-
jects, requires no coupling fluid and is well suited for au-
tomation [1, 2]. Additionally the excitation and detection
geometry can be easily manipulated by optical means. In
our case the excitation laser is focused to a periodic line
pattern, where the line spacing dictates the wavenum-
ber of the generated surface acoustic wave. The overall
size of the pattern is chosen small enough such that ad-
ditional simultaneous coupling into plate resonances is
achieved in a single measurement. From the frequencies
of two plate resonances and the frequency of the surface
acoustic wave at the wavenumber given by the pattern,
thickness and both sound speeds of the plate can be cal-
culated. We provide experimental demonstrations for the
complete elastic characterization and thickness measure-
ment of isotropic plates with non-constant thickness or
varying elastic properties due to heating.

Theory
The possible vibration states of an isotropic plate are
determined by the Rayleigh-Lamb equations [3]:
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where o = /(w/ep)? — k2, B = /(w/er)? — k%, w =
27 f, and h is the thickness of the plate. Thus, the vi-
bration characteristics of an isotropic plate are fully de-
termined by its thickness and the elastic properties given
by the longitudinal sound speed ¢y, and transverse sound
speed cr.

(1)

All combinations of vibration frequency f and wavenum-
ber k, which satisfy equation 1 form the free vibrational
modes of the plate. These can be determined by numer-
ical methods and are represented in dispersion diagrams
(see Figure 1). Our method is based on discrete points
in those curves:

Zero-group-velocity modes
Vibrational modes without group velocity do not trans-
port energy along the plate surface and therefore form
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Figure 1: Dispersion curves of a 2mm thick isotropic alu-
minum plate with a Poisson’s ratio of v = 0.33.

long-ringing resonances near the excitation region. This
corresponds to points in the dispersion curves (Figure 1),
where the mode’s slope (0f/0k)es = 0.

Resonances with k& # 0, which are called zero-group-
velocity (ZGV) resonances [4], are locally confined stand-
ing waves. The locations of the S1So, A3Aj3, and S3Sg
ZGV resonances of an aluminum plate are displayed in
the enlarged section in Fig. 1. The designation of the
ZGV modes is based on reference [4].

It has been shown, that ZGV resonances can be mea-
sured exceptionally well with LUS [5, 6]. Moreover, by
measuring at least two ZGV resonance frequencies, the
Poisson’s ratio of the plate can be determined without
the need to know the thickness [7, 2, 8]. This concept
is used in our method and combined with information
gained from an additional point in the dispersion curves:

Fundamental A,/S; mode, SAW mode

At wavelengths (A = 27/k) < h, the symmetric and an-
tisymmetric zero-order modes (Sp, Ag) converge. In this
higher frequency region, these oscillations are approxi-
mately equivalent to a Rayleigh- or surface acoustic wave
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(SAW), which propagates only near the surface with an
almost constant phase velocity of csaw = 27 fsaw /ksaw,
where ksaw and fsaw are a specific point on the disper-
sion curve of the fundamental Ag/Sp mode (see Figure 1).
Using a periodic line excitation pattern with line spac-
ing Apat, SAWs of specific wavenumber ksaw = 27/ Apat
matching the periodicity can be excited [9, 10], and its
corresponding frequency fsaw can be measured. Al-
though higher order modes with wavenumber kgaw are
also excited (green dashed line in Figure 1), they typi-
cally have lower amplitude and are easily separable due
to their different propagation speeds and the frequency
gap to the SAW. Various approximation formulas exist
by which the SAW speed cgaw can be determined via the
Poisson’s ratio v and the transverse sound speed cp [11].

If the total size of the pattern used for SAW excitation
d is considerably smaller than the ZGV wavelengths, the
ZGV waves emitted from each individual line of the pat-
tern still interfere largely constructively with each other.
This enables simultaneous excitation of a specific SAW
(purple cross in Figure 1) and ZGV resonances. Given
adequate signal-to-noise ratio, at least two ZGV reso-
nances fzavi, fzave and fsaw can be gained from one
single laser pulse.

Determination of ¢;,, ¢t and h

From the 3 measured frequencies fzavi, fzavi, and
fsaw, and with additional knowledge on the SAW
wavenumber ksaw, the plate’s properties cr,, ¢, and h
are found as follows:

The Poisson’s number v can be calculated from the ratio
between fzgyi and fzgve [7, 2, 8]. The SAW phase ve-
locity is csaw = 27 fsaw/kpat- The approximation from
reference [12] can be used to calculate et from cgaw and
v. The longitudinal sound speed can then be calculated
with ¢, = ery/(2v — 2)/(2v — 1). Finally, h can be ob-
tained from cr,, v and fzgyi using h = B(v)enL/(2fzavi)-
The parameter 3(v) is the ratio between ZGV frequency
fzavi and fundamental longitudinal thickness resonance
frequency, which only depends on v [7, 13]. It can be
obtained from numerical solutions to the Rayleigh-Lamb
equations.

Setup

The developed setup is depicted in Figure 2. A pulsed
excitation laser (Bright Solutions Wedge HB 1064) with
pulse energies of E, ~ 2mJ is directed through a diffrac-
tive 1:50 beam splitter (HOLO/OR MS-814-1-Y-A) fol-
lowed by a cylindrical lens (f = 130mm) and a dichroic
mirror to produce a pattern of 50 lines on the sample’s
surface, which is placed in the focal plane of the lens.
As depicted in Figure 2, the overall size of the gener-
ated pattern is d = 3.7mm, while the line spacing is
Apat = 76pm. This results in an excited SAW with
wavenumber of ksaw = 82.7/mm (purple cross in Fig-
ure 1) and simultaneous coupling into ZGVs for samples
with ZGV wavelengths 27/kzgy > d. This is the case
for ~ 2mm thick aluminum plates as displayed in Figure
1.

To detect the out-of-plane displacements, due to the vi-

d = 3,7mm
vibro- | peam
dichroic mirror | meter | profiling

camera

cylindrical lens __

r 8 |
generation laser I
-

J

beam splitter —

Figure 2: Experimental laser-ultrasound setup with a peri-
odic excitation pattern for simultaneous generation and de-
tection of ZGV resonances and one SAW with wavenumber
ksaw = 27/ Apat.

brations induced by the excitation laser, the detection
beam of a two-wave mixing interferometer (Sound &
Bright Tempo) is focused on the sample through the
dichroic mirror with the excitation beam. The detec-
tion beam is located in the center of the pattern. For
each measurement we averaged 1000 signals, which took
1s per point at the set pulse repetition rate of 1 kHz.

Signal processing
A typical signal recorded by this setup is displayed in the
first row of Figure 3.
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Figure 3: Signal processing for obtaining ZGV resonance
frequencies fsis2, fssse, and a SAW frequency fsaw from a
laser-ultrasonic measurement as displayed in Figure 2.

Since the generated SAW propagates away from the exci-
tation region with the SAW speed cgaw, its contribution
to the signal is restricted to the first 0.7 ps of the sig-
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nal. Therefore, as shown in the left column of Figure
3, its frequency fsaw can be determined by calculating
the spectrum of only this early signal portion, and deter-
mining the peak position by fitting or simple maximum
search.

The signal of the locally resonant ZGV modes is still
present after transient modes have propagated away from
the source. Their resonance frequency can be determined
by analyzing the later signal components, as shown in the
right column of Figure 3. Although the Ay A3 resonance
is also included in the measured spectrum, we consider
only the S1S; and S3S¢ peak for further evaluation, since
two resonances are sufficient and these have the highest
amplitude. For materials with other Poisson’s ratios, a
different choice of ZGV resonances may be more suitable.

The line spacing Ap,¢ was determined previously with a
beam profiling camera placed at the same focal distance
as the sample (Figure 2). With this additional informa-
tion cr,, cr and h can be calculated from the measured
frequencies with the procedure outlined above.

Experiments and results

Demonstration 1: Thickness steps

For a first demonstration two thickness steps of about
Ah = 15pum were milled into an aluminum alloy sheet
(AA7075-T6). The sample was scanned relative to the
excitation pattern and detection spot so that measure-
ments were made at all three step heights. A surface
displacement signal was recorded at each scan position
and from its spectrum fg1g2, fs3se¢ and fsaw was deter-
mined to calculate cr,, ¢cr and h.
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Figure 4: Results for c¢1,, cr and h measured with LUS at
different positions of an AA7075 aluminum plate with two
thickness steps of about Ah = 15 mm milled into it.
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The results in Figure 4 show, that the height steps could
be resolved with LUS and match well with an ex-situ
caliper measurement. Additionally, the speed of sound
measurements were not noticeably affected by the height
differences, which would be the case for methods relying
on the measurement of resonance frequencies or propa-
gation times only.

Demonstration 2: Variation of sound

speeds by heating

For a second demonstration experiment we heated a
AAT075-T6 sample (with constant thickness) with a heat
gun on the side facing away from the vibrometer for 300s
and let it cool down for another 600s. Consecutive LUS
measurements were done at time intervals of 2.5s at a
fixed position without moving the sample. The temper-
ature was logged with a thermocouple welded onto the
sample near the LUS measurement position.
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Figure 5: Results for cr,, ¢t and h measured with LUS on
an AA7075-T6 aluminum plate at different temperatures.

Figure 5 summarizes the results. We induced a tempera-
ture change of about AT = 100 °C, which causes changes
of about 100m/s in ¢, and c¢r. The thickness (green line
in the bottom row of Figure 5) changes by about 5pm,
which matches well with the expected thickness increase
due to thermal expansion Ah = ahAT = 4.8 pm, where
a =24pm/(m°C) is the thermal expansion coefficient of
AATOT5 [14].

The evaluation shown as an orange line in Figure 5 serves
as an illustration of the error made when constant sound
speeds (cro = ¢r,(08)) are assumed and only the informa-
tion from the measured resonance frequencies fs1s2, fs3se
is used. This leads to a deviation of more than 50 pm

1125



DAGA 2023 Hamburg

between the values at lowest and highest temperature,
which is about 10 times larger than the value calculated
from thermal expansion.

Conclusion and outlook

A laser-based method for simultaneous measurement of
longitudinal and transverse sound speeds, as well as
thickness of a plate is presented, which was demonstrated
on an aluminum alloy sample with varying thickness. An
additional demonstration shows how this enables correct
thickness determination on a sample with unknown elas-
tic properties, e.g. due to elevated temperatures.

Assuming linear increase of signal amplitude with energy,
using a 100mJ laser instead of a 2mJ laser would lead
to a SNR increase by a factor of 50. This would allow us
to decrease averaging by a factor of 502, enabling single
shot measurements while conserving SNR.

Besides technical optimizations, we aim to investigate the
limitations and interplay of the pattern periodicity and
grain size in metallic samples in future work. For such
an investigation, we exchange the static phase mask for a
dynamic spatial light modulator. This allows us to apply
arbitrary patterns.
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