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Abstract. The optical generation of ultrasound is based at low power levels on the
thermoelastic effect, which is the generation of elastic waves by transient surface
heating with a laser pulse. At high power level the laser source operates in the
ablation regime by vaporizing a small amount of surface material. The radiated field
of such a source resembles a monopole radiating in all directions of the half space.
Laser ultrasonics uses one laser with a short pulse for the generation of elastic waves
and another one, a long pulse or continuous laser, coupled to an optical
interferometer for the detection of ultrasound. This technique enables a completely
contactless measurement of elastic constants. As the laser pulse generates bulk as
well as surface acoustic waves (SAW) both can be used for non-contact material
characterization.
Short laser pulses were used to generate bulk waves in continuous fiber
reinforced aluminium or magnesium. With an optical interferometer the run-time of
these waves in various directions of the samples can be measured in a contactless
way (point-source-point-receiver technique). From these data, the five independent
components of the complete elastic tensor for the unidirectional fiber reinforced
composites can be determined. These results agree with measurements by a resonant
beam technique, acoustic resonance and 4-point bending tests.
For the generation of SAWs the pulsed laser was focused by a cylindrical lens
to a thin line to concentrate the acoustic energy in a direction perpendicular to the
line. Material properties of anisotropic films deposited on a silicon wafer were
determined by phase velocity dispersion measurement. The acoustic waves were
detected by two optical methods: a confocal Fabry Perot Interferometer and a beam
deflection setup.
The laser pulse technique has several advantages: it is contactless, nondestructive and it can be used for online quality control in production processes.
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Introduction
The knowledge of the complete elastic tensor is essential for the design of components
made of anisotropic materials [1]. The stiffness of specimens can be determined by
destructive methods like bending tests and by resonance methods based on the
characteristic sets of natural acoustical resonance frequencies as determined by the elastic
moduli, the specific density, and the dimension of the body. For the measurement of the
elastic moduli another possibility is the determination of the density and of the sound
velocity in various directions. Laser ultrasonics is a contactless, non-destructive technique
to characterize the elastic constants of materials locally via the ultrasonic waves induced by
a pulsed laser [2-4]. This could be applied for quality control of fiber reinforced
components.
The phase and group velocities are generally not equal in elastically anisotropic solids,
even in the absence of dispersion and attenuation. Several inversion methods have been
developed to measure the elasticity tensor components of composite materials from
experimentally recorded signals [5–7]. The point-source-point-receiver (PS–PR) technique
has shown promise as a method for measuring group velocities and determining elastic
constants [8]. These measurements were based on a conventional ultrasonic technique
(pulse-echo-overlap method) [9]. The main advantages of the PS-PR technique are: it is
contactless, non-destructive and can therefore be used for online quality control in
production processes.
Thin films made of different materials have an important impact on application fields
in coating and sensor technology. Due to the fact that surface acoustic waves (SAWs)
propagate along the surface and interact significantly with the film on the substrate SAWs
are ideal for the investigation of the elastic properties of thin layers [10]. Laser induced
SAWs can be produced either with a broadband or a tuneable narrowband ultrasound
frequency spectrum. The contactless method provides therefore more flexibility compared
to the more established method using Inter Digital Transducers (IDTs).
1. Contactless characterization of elastic moduli of continuous fiber reinforced metals
with point-source-point-receiver method
The point-source–point-receiver (PS–PR) technique is illustrated in Fig.1 and has shown
promise as a method for measuring group velocities and determining elastic constants.

Fig. 1 Schematic diagram of the uktrasonic laser point-source point-receiver (PS-PR) method.
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Here, the PS–PR technique is used to determine the elasticity tensor components of two
examples of unidirectional continuous fiber reinforced metals (CFRM): aluminium matrix
with alumina fibers and magnesium matrix with carbon fibers (see Table 1 and Fig.2). The
results are compared with measurements by resonant beam technique (RBT) [11], acoustic
resonance [12] and 4-point bending tests.
Table 1. Ingredients, compositions and sample sizes of the investigated CFRM
CFRM denomination
Matrix
Fibers

AlMg1/Al2O3-N610/70f
Al 99,85 + 1wt.% h.p.Mg
>99% α-Al2O3; Nextel N610, 3M

MgAl0,6/C-M40/70f
h.p.Mg + 0,6 wt.% Al 99,85
High modulus PAN C-fiber, M40B-6k50B, Toray
392 GPa long., ca.7 GPa transv.
1,81 g/cm³
66 ±3 vol.%
1,82 g/cm3
65 x 150 x 2 mm³
whole plate
80 x 10 x 1,8 mm³
60 x 5 x 2 mm³
50 x 50 x 2 mm³

elastic moduli
density
unidirectional fiber content
CFRM density
Size of infiltrated plate
Acoustic resonance
RBT sample
Bending test
Laser ultrasonics

373 GPa, isotropic
3,75 g/cm³
63 ±3 vol.%
3,40 g/cm3

Fig.2 Lightoptical micrographs of transverse sections of: (a) AlMg1/Al2O3–N610/70f, (b) MgAl0,6/CM40/70f.

1.1 Test conditions
The whole CFRM plate was supported in its nodal lines of its first free flexural vibration
and excited by periodic magnetic fields [12]. The longitudinal and transverse elastic moduli
are determined by the eigenfrequency of acoustic resonance measured in the two
perpendicular directions.
Similarly, the longitudinal sections cut from the plate in the dimensions given in Table
1 were measured by ultrasonic excitation RBT [11]. The longitudinal and the shear
modulus are calculated from the characteristic ensemble of resonance frequencies and
specimen parameters (dimension and density).
Further sections for 4-point bending tests were cut from the same plate in parallel and
perpendicular directions (dimensions see Table 1) to determine the bending stiffness in
longitudinal and transverse direction for a support distance of 55 mm.
Sections from the same plate were examined by the PS–PR technique (see Fig.1). As a laser
point-source we used an actively mode-locked NdYAG-Laser at 1064 nm wavelength with
a pulse-duration of 20 ps and a pulse energy between 1 and 10 mJ. The point receiver was a
3

frequency doubled NdYAG continuous wave laser. The reflected beam was analyzed with a
Fabry–Perot-interferometer which has a maximum of the ultrasonic frequency response at 8
MHz [13]. Pulse laser and detection laser are focused on the sample to get a laser pointsource and a point receiver of 0.5 mm diameter each.
Taking into account the inclined wave propagation through the sample, the minimum
region tested shall be wider than 2.5 times the specimen’s thickness in all directions, where
the receiver is placed. A detection distance of zero means that the source point and the
receiving point are on opposite sides with a distance equal to the sample thickness. For each
detection distance, as shown in Fig.1, we get longitudinal and slower transverse waves and
also multiple reflections for waves running 3 or 5 times through the sample thickness. The
analysis of those acoustic waves in continuous fiber reinforced materials (hexagonal crystal
system) is described, e.g., by Royer and Dieulesaint [14]. The planes perpendicular to this
axis are elastically isotropic (see Fig.2). In planes parallel to the fibers we have strong
anisotropy, which can be shown by the slowness surface (Fig.3). The slowness is the
reciprocal value of the phase velocity or the time for the plane wave to propagate a distance
of 1 m. The pulse waves penetrate with a group velocity, which is different from the phase
velocity even in the absence of dispersion in anisotropic materials. Every and Sachse [5]
and also Deschamps, Besond, and Audoin[7,15] showed how to determine the elastic
constants from group velocities.
1.2 Run-time measurements of elastic waves with varying detection distance
When the detection distance varies in
a plane perpendicular to the fibers the
wave propagation is isotropic and
with l as the detection distance
divided by the sample thickness, i the
number of runs of the pulse through
the sample, the sample thickness d,
and the sound velocity V, one gets for
the run-time t of the pulse,
2

d 2 ⎛l⎞
t=
i + ⎜ ⎟ for i = 1,3,5,...
V
⎝d ⎠
Fig.4(a) shows the run-time when l
Fig.3 Section of the slowness surfaces in a plane parallel to varies between zero (group velocity
the fibers for the MgAl0,6/C-M40/70f sample for the perpendicular to the sample surface)
longitudinal (solid) and the two transverse waves (dash, dot). and one (group velocity has an angle
The slowness (unit is s/m) is the reciprocal value of the phase
of 45° to the surface) for the
velocity.
aluminium matrix/alumina fiber
CFRM and Fig.4(b) for the magnesium matrix/carbon fiber CFRM. The effect of dispersion
can be observed as a small decrease of the velocity of the pulses with increasing runtime.
Absorption and dispersion in the magnesium CFRM is significantly higher than in the
aluminium CFRM. Therefore, we can observe peak broadening and a poor signal/noise
ratio for the magnesium sample in Fig.4(b). Using V=√(c/ρ) with the density ρ the stiffnes
tensor elements c11, c44 and c66 can be calculated from such measurements. The transverse
elastic wave used to calculate c44 has very low amplitude (e.g., dashed line in Fig.4(a)).
Therefore, we have to use measurements in a plane parallel to the fibers in order to
determine this tensor element (see Fig.5).
Fig.5(a) and (b) show the measurements in a plane parallel to the fibers. The group
velocities can be calculated from the phase velocities, which are a function of the elastic
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moduli. The inverse problem for calculating the stiffness components from the measured
group velocities cannot be solved analytically and several numerical methods have been
developed [5–7, 15]. We used a Newton iterative algorithm to minimize the error, which is
the sum of the quadratic deviations from the calculated and the measured run-times. The
calculated run-times are shown by the nearly vertical lines in Figs. 4 and 5, the measured
run-times are the delay times of the peaks. The stiffness components for the investigated
CRFM are listed in Table 2.

Fig.4 (a) Run-time of waves in the aluminum
matrix/alumina fiber CFRM in a plane perpendicular
to the fibers as a function of the detection distance.
The solid lines show the run-time of the longitudinal
waves determined by c11. c44 and c66 determine the
run-time of the two transverse waves (dash, dot). (b)
Run-time of waves in the magnesium matrix/carbon
fiber CFRM in a plane perpendicular to the fibers as
a function of the detection distance. The solid lines
show the run-time of the longitudinal waves
determined by c11. c44 and c66 determine the run-time
of the two transverse waves (dash, dot).

Fig.5 (a) Run time of waves in the aluminum
matrix/alumina fiber CFRM in a plane parallel to the
fibers as a function of the detection distance. The
solid line shows the run-time of the quasilongitudinal waves, the dashed and dotted line show
the run-time of the two quasitransverse waves. (b)
Run time of waves in the magnesium matrix/ carbon
fiber CFRM in a plane parallel to the fibers as a
function of the detection distance. The solid line
shows the run-time of the quasilongitudinal waves,
the dashed and dotted line show the run-time of the
two quasi-transverse waves.

CRFM are listed in Table 2. The errors of the stiffness components are based on errors for
the run-time measurement of 60 or 120 ns for the Al- or the Mg-sample, respectively, an
error for the sample thickness of 0.05 mm and a relative error of the density of 0.03.
For the magnesium matrix/carbon fiber CFRM with high anisotropy and peak broadening it
was essential to know from theoretical considerations (e.g., rule of mixture) an initial guess
for the elastic constants. Otherwise, it would not be possible to find the relevant peaks
because of other peaks from mode conversion. In Fig.5(b), it is shown that one shear wave
can have three different group velocities for one direction, which results in cusps shown in
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the dotted line. Diffraction at the edges of these cusps is also shown by waves detected in
directions for which no acoustic ray can be calculated [15].
1.3. Results and discussions: elastic properties of fiber reinforced composites
Inverting the stiffness tensor with the five independent stiffness components measured in
Chapter 1.2 gives the compliance tensor [16,10] with the Young’s modulus ET perpendicular
to the fibers (transverse) and EL parallel to the fibers (longitudinal). The Poisson’s ratios
νTT=ν12=ν21 transverse to the fibers and mLT longitudinal to the fibers are two further elastic
constants. νTL can be derived from a symmetry relation between the Poisson’s ratios:
νTL.EL=νLT.ET. c44 is another independent elastic constant. Therefore, the compliance also
has five independent elastic constants. Table 2 shows the elastic stiffness determined by the
PS–PR technique, the calculated Young’s moduli and Poisson’s ratios, and measurement
results by RBT, acoustic resonance, and 4-point bending tests for the investigated CFRM.
The results of the laser pulse method agree well with measurements from resonance
methods. The results of the 4-point bending test of the transverse AlMg1/Al2O3–N610/70f
samples are significantly higher than those of the other methods. This is attributed to an
asymmetry of the elastic behaviour of the samples when bent macroscopically, i.e.,
suffering significantly higher deformations than in the dynamic methods. The densely
packed ceramic fibers produce a higher stiffness in transverse compression due to touching
fibers. In tension the fibers do not touch, therefore the reciprocal rule of mixtures fits.
Table 2 Elastic constants (GPa) and Poisson_s ratios of the unidirectionalCFRM
investigated by different methods
CFRM
AlMg1/Al2O3-610/70f
MgAl0,6/C-M40/70f
Stiffness components determined by PS-PR [GPa]
C11
222±4
25.6±1
C12
106±6
11.4±4
C13
79±8
6.2±3
C33
290±20
225±20
C44
72±2
14.4±2
C66=(C11 -C12)/2
58±2
7.1±2
Derived longitudinal and transverse constants
EL [GPa]
252±21
223±20
ET [GPa]
165±7
20.5±4
0.42±0.03
0.44±0.16
νTT
0.24±0.04
0.17±0.09
νLT
0.16±0.03
0.015±0.008
νTL
RBT method [GPa]
EL
254±6
225±2
ET
172±5
Not evaluated
Acoustic resonance [GPa]
EL
242±20
215±20
ET
168±15
21.5±2
4 point bending test [GPa]
EL
262±8
232±3
ET
21±2
180 ± 3
Linear and reciprocal rule of mixture for given vol% of fibers
EL [GPa]
262
275
ET [GPa]
145
14
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2. Contactless characterization of thin films with SAWs
2.1 Calculation of dispersion curves for Rayleigh waves on a substrate-layer system
[10, 17, 18]:
In the simple case of a homogeneous isotropic material the propagation of Rayleigh waves
is independent of frequency. The SAW velocity cR is completely defined by material
parameters and is given by the approximate relation

cR =

0.87 + 1.12 ⋅ v
E
⋅
1+ v
2 ⋅ ρ ⋅ (1 + v)

where E is the Young modulus, ν is the Poison ratio and ρ the density.
In the presence of a thin layer on the substrate, the stiffness and the density near
surface regions are changed so that the wave motions are influenced. The dispersion of
SAWs is caused by the effect that the penetration depth of the wave is proportional to the
wavelength. Higher frequencies are more strongly influenced by the film than lower ones
[16, 19]. This fact is demonstrated by the result of a numerical simulation [17] of the
propagation properties of SAWs along a one micrometer thick nickel layer on a silicon
wafer (Fig.6). In all modes strong dispersion with a decrease of the phase velocity with
increasing frequency is seen.

Fig.6 Propagation properties of SAWs along a one micrometer thick nickel layer on a silicon wafer

2.2 Broadband SAW excitation [20, 21]
The laser radiation is focused to a line on the sample surface by a cylindrical lens (Fig.7b).
In this way a line source of several micrometers width and several millimetres length (about
20 mm) is formed to concentrate the acoustic energy along the direction normal to the line
source. The bandwidth of the acoustic surface pulse is affected by the line source width d
and the laser pulse duration tp. An approximation of the acoustic pulse duration tA is given
by
tA = t p

2

+ ⎛⎜ d ⎞⎟
⎝ cR ⎠

2

where cR is the Rayleigh wave velocity of the material in which the SAW is generated. A
bandwidth in the GHz range requires a pulse duration of less than a nanosecond and a line
width of about 1 µm. A realistic, experimentally achievable bandwidth for the optically
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excited (10 ns optical pulse duration) acoustic pulses is in the range of 100 MHz. Higher
frequencies can be generated with the narrowband excitation method.
2.3 Narrowband SAW excitation [22]
For generation of sine wave bursts the transient grating technique can be used. Two laser
beams incident at slightly different angles overlap on the surface of the sample. Through
interference they form a periodic grating that heats the sample and generates a sinusoidal
SAW train of a duration that depends on the laser beam diameter and a frequency and
wavelength that depend on the angle of the two beams with respect to each other
(Fig.7a ).

λac =

λ

2 ⋅ sin (θ 2)

Acoustic wavelengths on the order of the light wavelength can be generated in this way.
Together with a sufficiently short laser pulse (in the picosecond range) SAW’s in the
Gigahertz frequency range can be generated.
a.)

Fig.7

b.)

Two possible excitation geometries: (a)
(b) broadband line excitation (absorbing line)

transient

grating

narrowband

excitation.

2.4 Beam deflection technique

An optical method to detect SAWs uses the deflection of a focussed, continuous laser beam
from the sample surface. As a SAW crosses the detection point, it slightly inclines the
surface, causing a deflection of the probe beam. The deflection is converted into an
amplitude modulation by dividing the beam into two parts before each part reaches the
corresponding photo diode of the balanced photodetector (Fig.8). Compared to
interferometry, this setup is easier to align but slightly less sensitive. Furthermore, it
measures surface inclination and not normal displacement as the interferometric technique.
The time-dependent quantity that is measured is therefore proportional to the time
derivative of the displacement.
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Fig.8 Experimental set-up for the contactless
measurement of surface acoustic waves with a
beam deflection technique

Fig.9 SAW measurement on a 1µm nickel layer on silicon
wafer sample

2.5 Data interpretation: Dispersion and attenuation of SAWs

To determine dispersion and attenuation relations of SAWs experimentally, the signals in
the time domain measured for two different propagation distances (Fig.9) have first to be
converted into the frequency domain by Fourier transformation.
If the SAW pulse is recorded at the two distances xA and xB from the line of excitation, the
attenuation α(ω) and the phase velocity c(ω) are calculated by

α (ω ) =

− ln[ F ( x B , ω ) F ( x A , ω ) ]

xB − x A
ω ⋅ ( xB − x A )
c(ω ) =
ϕ (xB ,ω) − ϕ (x A ,ω)

F and ϕ denote the magnitude and the phase of the complex frequency components of the

SAW pulse. These results fitted with theoretical calculations yield quantitative results.
[10, 23].
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