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Characterization of Progressive Fatigue Damage in Solid Plates
by Laser Ultrasonic Monitoring of Zero-Group-Velocity Lamb Modes
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We propose a method for nondestructive characterization of progressive fatigue damage in solid plates,
using a zero-group-velocity (ZGV) Lamb mode generated and detected by lasers. Our experimental results
depict a nonmonotonous change in the ZGV mode frequency with an increasing number of loading cycles,
and more importantly its drastic decrease prior to the specimen failure. We report three experiments on
three specimens made of aluminum, which fail after different numbers of loading cycles. Despite this
difference, the three nonmonotonous variations of the ZGV mode frequency with an increasing number of
loading cycles are superimposed when plotted as a function of the normalized fatigue lifetime. This feature
stresses out the potential of the technique to locate fatigue damage, to predict the fatigue lifetime, and to
qualitatively, and even quantitatively, assess the different stages of fatigue damage in micrometer- to

potentially centimeters-thick solid plates.
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I. INTRODUCTION

Solid structures, such as metallic sheets, are generally
subjected during their lifetime to numerous stresses
(mechanical, thermal, chemical, neutron-ion irradiation),
causing fatigue and leading inexorably to damage or even
failure of the specimen. It is therefore of utmost importance,
in many industrial contexts, to nondestructively assess the
cumulative fatigue damage in solid structures used in
manufactured products, for their reliability, quantification
of health, and certification of security. This challenge has
been continuously recalled to be of scientific importance
over the last decade [1-5].

Ultrasonic methods were often used for fatigue assess-
ments by detecting acoustic nonlinearity, crack length,
elasticity, and the accumulation of damage [6—12]. Laser
ultrasonic (LU) techniques have demonstrated increasingly
high capabilities in the nondestructive evaluation (NDE) of
the mechanical properties of materials [13-21]. Their specific
advantages, such as high spatial resolution, large bandwidth,
and noncontact character, when compared to conventional
ultrasonic methods based on piezoelectric transducers, are
particularly appealing. In parallel, the recently implemented
laser-based zero-group-velocity (ZGV) Lamb modes have
proven to be an efficient tool to probe locally and accurately
the thickness or the mechanical properties of plates, as well as
to detect defects [22-29]. Yet, the use of LU monitoring of
ZGV Lamb modes in solid plates, in order to evaluate or
image the sample’s damage, especially the fatigue-induced
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damage, has not been reported, while it could be useful for
both modeling developments and practical applications.

Over the last three decades, much research has been
dedicated to proposing measurable physical parameters
informative of the fatigue stage of a material, subjected to
fatigue test. In this frame, parameters such as damage
index, Young’s modulus, density, and cross-sectional area,
have demonstrated changes with respect to the fatigue
lifetime [30-37]. However, the variation of these param-
eters were all reported to be monotonous (either decreasing
or increasing) with the fatigue of the material, which
necessitates somehow a definition (often rather arbitrary)
of a quantitative threshold denoting a given fatigue stage.
Therefore, an index which shows a robust nonmonotonous
trend as a function of the amount of loading cycles or
fatigue lifetime, would have the important advantage of
defining by itself a threshold in the fatigue process, easily
detected and surely related to the onset or domination of
specific physical processes.

We report here on the monitoring of ZGV Lamb mode
frequency along fatigue damage progression in a solid plate
made of aluminum. Specifically, the change in the frequency
of the first symmetrical ZGV Lamb mode is analyzed as a
function of both the fatigue lifetime and the probing location
on the sample. In addition to a spatial image of the damage,
we observe a reproducible nonmonotonous trend in the
evolution of the ZGV mode frequency, with a single
extremum occurring consistently for different tests at about
80% of the fatigue lifetime. The thickness of the here-tested
plates is 75 pum. Yet, the technique is sound for micrometer-
thick—to—centimeters-thick plates, depending on the pulsed
generation laser characteristics (pulsed duration, energy).

© 2018 American Physical Society
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II. ZERO-GROUP-VELOCITY LAMB MODES

Lamb waves are the acoustic eigenmodes guided in a
freestanding plate [38—40]. A ZGV Lamb mode results from
the interference of two Lamb waves coexisting for a unique
couple of frequency and wave number but spatially counter-
propagating. This specific type of Lamb mode exhibits an
anomalous behavior since the group velocity V, = dw/dk
vanishes, while the phase velocity remains finite. The
mechanical energy associated with aZGV mode is, therefore,
locally trapped at the excitation area, which leads to a sharp
resonance of the plate. Because of the local feature of this
resonance, its frequency value is informative of the local
mechanical properties or thickness. For a single homo-
geneous plate, the Rayleigh-Lamb equations can be written
as a function of the dimensionless frequency Q = 2hw/
(rcy) and the dimensionless wave number & = 2kh/r,
where 2/ stands for the plate thickness, @ for the pulsation,
cr for the shear wave velocity, and k for the wave number
[38—40]. Therefore, if the elastic parameters of the plate
remain unchanged, the frequency shift Af (x Aw) of the
ZGV mode is associated with the change of the plate
thickness A#h:

Af Ak
o

The relation (1) is useful for NDE purposes [29,41-43] and
will be used in the following to explain the experimentally
revealed phenomena. It is also important to note that the
spatial resolution of our method is scalable with the plate
thickness since the ZGV mode wavelength is of the order of
twice the plate thickness. This feature, therefore, probably
limits the potential of our technique to detect small fatigue
zones in a centimeters-thick plate.

(1)

III. FATIGUE SETUP AND LASER
ULTRASONIC EXPERIMENTAL SETUP

In this Letter, a homemade fatigue machine is used for
cyclic loading of a 75-ym-thick aluminium plate in a two-
sides-clamped compression configuration inducing buck-
ling [see Fig. 1(c)]. The buckling is achieved by imposing
one of the clamped end of the plate of length 2L to move by
2AL along the x axis [see Fig. 1(c)]. The analytical
expression of the normal deflection w(x) of the plate
neutral line in this buckling configuration is [44]

5 n(x— L+ AL)
== — ) =1 2
w(x) 2{cos( AL ) } (2)
where 6 is the buckling deflection at the center of the
specimen (x = 0). From Eq. (2), the stress o,,(x, z) is then
readily deduced [45]:

(3)
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FIG. 1. (a) Surface (z = =£h) stress profiles of the buckled solid
plate and (b) section (at x = 0 mm) stress distribution with
AL =2 mm. (c) Schematic presentation of the loaded and
unloaded plate. (d) x component of the normal displacement
gradient (Ou,/0x) associated with the first symmetrical ZGV
Lamb mode (2 = 75 ym).

where A = —522E/[2(L — AL)*(1 —1?)], E and v stand-
ing for the Young’s modulus and the Poisson’s ratio,
respectively. Here, the zero of the local z = z(x) axis, normal
to the plate surfaces, is chosen in the middle plane of the
plate. In our experiment, the length of the plate is 2L =
25 mm and the imposed x displacement is 2AL = 4 mm,
leading to a buckling deflection of § = 5.83 mm. In that
case, and using £ = 70 GPaand v = 0.35 (corresponding to
aluminum), the stress distribution at z = +#h is plotted in
Fig. 1(a) as a function of x. The red dashed line and dotted
line represent the tensile (approximately 190 MPa) and
compressive (approximately 560 MPa) yield strengths of
the tested aluminum specimen, respectively. Please note that
the compressive yield strength has been taken from p. 152 of
Ref. [46]. From Fig. 1(a), it can be stated that the most
fatigued part of the plate is expected to be located at x = 0,
since the maximum difference between the applied stress and
the tensile-compressive yield stress occurs at this location
[see Figs. 1(a) and 1(b)]. Note that the fatigue could be
expected for all points from x = 0 to x % £5 mm with a
continuous decrease in magnitude since the applied stresses
approach the yield stresses as the distance from x = 0 mm
increases. This low-cycle fatigue is in our case most probably
related to the propagation of surface flaws than to dislocation
mechanisms. In order to perform the measurements of the
variation of the ZGV mode frequency along the fatigued
plate, the loading is stopped at regular intervals of cycles. The
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scan of the unloaded plate in front of the laser ultrasonic setup
is performed over the interval x € [—5;5] mm, with a scan
step of 100 um, using a motorized actuator with a minimum
incremental motion of 0.1 ym.

The laser ultrasonic experimental setup used to monitor
the ZGV mode frequency is composed of (i) a pulsed
Nd:YAG laser (1064 nm, pulse duration close to 0.75 ns,
repetition rate of 1 kHz) focused to a stretched ellipse
(small diameter approximately 20 ym and large diameter
approximately 500 ym) on the sample surface to generate
the first symmetrical ZGV Lamb mode among others, and
(i) a CW laser (532 nm) focused to a circular spot
(diameter approximately 20 ym) in the vicinity of the line
source to detect the local resonance thanks to the beam-
deflection technique [20,47]. Since the beam-deflection
technique is sensitive to the radial gradient of the normal
displacement (u.), a small shift of about 40 pm has been used
between generation and detection spots, for the detection of
the ZGV mode. This is illustrated in Fig. 1(d), also showing
the distribution of the x component of the normal displace-
ment gradient (Qu, / Jx) associated with the first symmetrical
ZGV Lamb mode. Note that the specimen is unloaded at
regular intervals of 500 cycles in the conducted experiments
and that a reference scan has been achieved on the intact
specimen and saved for comparison with results at different
fatigue stages.

IV. RESULTS AND DISCUSSION

An example of a measured temporal photoacoustic signal
is displayed in Fig. 2(a). The slowly oscillating background
corresponds to the first antisymmetric mode A, which
is preponderant. By enlarging the time signal [inset in
Fig. 2(a)], a higher frequency oscillation corresponding to
the ZGV resonance is visible. The Fourier transform (FT) of
the signal in Fig. 2(a) is calculated and its normalized
magnitude with respect to the ZGV peak value is plotted
in the frequency range of 20-100 MHz in Fig. 2(b).
A resonance is visible at 38.78 MHz, having a measured
quality factor of 149. In Fig. 2(c), the red solid line exhibits
the spatial distribution of the ZGV resonance frequency after
9500 fatigue loading cycles, which is extracted from the
normalized FT magnitude. A very clear frequency increase is
observed in the center of the sample (maximum increase at
position x = 0.1 mm), primarily due to the local decrease of
the thickness in this fatigued region.

The relative variation Af/f of the ZGV frequency
measured after N cycles compared to the reference ZGV
frequency (measured on the intact specimen) is calculated as
a function of the sample position and of the number of
loading cycles and displayed in Fig. 3(a). Three main results
emerge from this plot: (i) the obvious distinction on ZGV
frequency between damaged and undamaged regions; (ii) the
monotonic increase of ZGV frequency in the fatigue region
up to 10 000 cycles, mainly caused by thickness changes, as
expected from Eq. (1); (iii) the abrupt decrease of the ZGV

Normalized
amplitude (-
N
Q
<
L o
(=)

(arb. units)

FIG. 2. (a) Example of a received temporal photoacoustic
signal measurement and (b) its spectrum with a sharp peak
corresponding to the ZGV resonance frequency. (c) Spectrum
magnitude normalized by the ZGV peak value as a function of
frequency and sample position after 9500 fatigue loading cycles,
the red solid line represents the spatial distribution of the
estimated ZGV resonance frequency.

frequency before specimen failure. For a better appreciation
of this last point, the variation of the ZGV frequency at
x = 0.1 mm is extracted from the image and is plotted in
Fig. 3(b); error bars stand for f,/(fQ,), with f, the ZGV
frequency after n cycles, Q,, the Q factor of the corresponding
resonance. The maximum value at 10 000 loading cycles
divides the curve into two different parts: (i) the monotonic
increase where the thickness change is mainly at play and
(ii) the abrupt decrease before specimen failure that could be
explained by the drop in elastic stiffness [30,48] and by the
interaction between the ZGV mode and the dislocations and
cracks present in the specimen [12,49-51]. Note that fatigue
softening of materials can be found not only in metals
[37,52], but also in other types of materials, such as polymer
[6], composite materials [53], and so on.

Following these experimental results, it can be stated that
the proposed method is sensitive to cumulative fatigue
damage [see Figs. 2(c) and 3(a)]. Moreover, even without
knowing the exact position of the damaged zone before
observation, which could be a limitation of some other
methods [35,54], it can be located thanks to the frequency
image as depicted in Fig. 2(c). Last but not least, unlike other
damage indexes presented in the literature [6,9,30-37,48],
the nonmonotonic evolution of the variation Af/f of the
ZGV resonance frequency shows the potential for quanti-
tative assessment of the fatigue lifetime [see Fig. 3(b)]. Even
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FIG. 3. (a) Spatial distribution of the relative variation of the

ZGV mode frequency vs fatigue cycles. (b) Experimental evo-
lution of Af/f (with error bars) as a function of fatigue duration
at the specimen center (x = 0.1 mm). (c) Comparison between
Af/f evolutions measured in specimens 1, 2, and 3 (failure at
approximately 16 000, 12 500, and 14 000 cycles) as a function of
normalized fatigue lifetime.

if ascertaining which side of the peak corresponds to the
correct measurement of the fatigue state might be seen as a
limitation of our technique when the material is not con-
tinuously monitored, two consecutive measurements of this
frequency at a small fatigue cycle interval would suffice to
ascertain to which side of the peak belongs the current state.
Overcoming this limitation is currently under development
and should be addressed in follow-up papers. Three fatigue
monitoring tests have been carried out on three samples and
the corresponding Af/f are plotted in Fig. 3(c), showing
identical variations in normalized fatigue lifetime scale,
although failure occurs at different amounts of loading
cycles. This reproducible, nonmonotonous parameter varia-
tion [see Fig. 3(c)], thanks to the existence of an extremum
justprior to the fracture of the specimen (approximately 80%
of the fatigue lifetime), might establish a quantitative
empirical law characterizing a sample’s fatigue stage and
could be an effective tool for predicting fatigue life.

V. CONCLUSION

In conclusion, this Letter presents a noncontact laser
ultrasonics evaluation of cumulative fatigue damage in thin
solid plates by monitoring a ZGV Lamb mode frequency.
The experimental results demonstrate the ability of this
method for (i) locating damage, (ii) predicting fatigue

lifetime, and (iii) assessing qualitatively and potentially
quantitatively, the cumulative fatigue damage levels during
fatigue process. For better understanding of elastic property
changes and of thickness distribution in the specimen,
numerical simulations (based on the finite element method,
for example) are necessary and are under development. One
of the prospects of this work is to formally identify the
material mechanisms leading to this extremum in ZGV
Lamb mode frequency using, e.g., electron microscope
imaging, in order to reach a fully quantitative (local)
damage evaluation of a sample [55,56].
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