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Finite Element Analysis of Laser-Generated Ultrasound
for Characterizing Surface-Breaking Cracks

Hyunjo Jeong*
Division of Mechanical and Automobile Engineering, Wonkwang University,
344-2 Sinyong-Dong, lksan, Jeonbuk 570-749, Korea

A finite element method was used to simulate the wave propagation of laser-generated

ultrasound and its interaction with surface breaking cracks in an elastic material. Thermoelastic

laser line source on the material surface was approximated as a shear dipole and loaded as nodal
forces in the plane-strain finite element (FE) model. The shear dipole-FE model was tested for
the generation of ultrasound on the surface with no defect. The model was found to generate the
Rayleigh surface wave. The model was then extended to examine the interaction of laser
generated ultrasound with surface-breaking cracks of various depths. The crack-scattered waves

were monitored to size the crack depth. The proposed model clearly reproduced the experi-
mentally observed features that can be used to characterize the presence of surface-breaking

cracks.
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1. Introduction

Laser ultrasonics is a non-contact technique
that is receiving growing attention because of
its wide range of applicability in nondestructive
evaluation (Scruby and Drain, 1990 ; Hutchins.
1988 ; Davies et al., 1993). The laser generation of
ultrasound provides a number of advantages over
the conventional generation by PZT transducers,
namely high spatial resolution, broad-band gen-
eration, and ability to operate on curved loca-
tions. There are generally two mechanisms for
such wave generation, depending on the amount
of energy deposition by the laser pulse, namely
ablation at very high power, and thermoelastic
generation at moderate power operation. The lat-
ter does not damage the surface of the material,
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and is therefore suitable for applications in non-
destructive evaluation. Ultrasound generated by
laser irradiation contains a large component of
surface wave motion, and is therefore particular-
ly useful for the detection of surface-breaking
cracks.

Traditional techniques for the detection of sur-
face-breaking cracks rely on monitoring the re-
flection (pulse-echo) or the changes in the am-
plitude of the transmission (pitch-catch) of inci-
dent wave caused by the presence of a defect. Ex-
tensive investigations into the interaction of laser-
generated Rayleigh waves with surface-breaking
defects were conducted (Cooper et al., 1986). It
was demonstrated that the crack size could be
determined by the analysis of the time delay be-
tween the two peaks of the scattered Rayleigh
pulse.

A large part of the modeling effort for laser
generated ultrasound has relied on replacing the
laser source with an equivalent set of stress boun-
dary conditions (Scruby et al., 1990 ; Rose, 1984).
This equivalent stress distribution, which takes
the form of a shear stress dipole, has proven to be
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extremely useful in describing many features of
laser generated ultrasonic waveforms in thermo-
elastic regime. For instance, the epicentral wave-
form (Teilschow and Conant, 1990), the surface
acoustic waveform (Hurley et al.,, 1998), and the
directivity pattern (Davies et al., 1993 ; Bernstein
and Spicer, 2000) are all modeled accurately
using a set of stress boundary conditions that are
equivalent to a thermoelastic source.

In this paper, we apply a finite element method
to simulate the observed interaction of laser gen-
erated ultrasound with surface breaking cracks.
The fixed laser line source is considered, where
the crack-scattered Rayleigh waves are monitored
to characterize a crack. The thermoelastic laser
line source is modeled as a shear dipole on the
surface of a material and the effect of thermal
diffusion is neglected. The subsequent propaga-
tion and scattering of elastodynamic waves are
simulated using a finite element method. A com-
mercial finite element package, ANSYS, was used
in this work.

We first describe two important parameters, the
element size and the integration time step, in the
elastodynamic FE method. A shear dipole-FE
model is then introduced to simulate the genera-
tion of ultrasound on the surface with no defect.
The model is then extended to examine the in-
teractions of laser generated ultrasound with sur-
face-breaking cracks of 0.3—5.0 mm depth. Si-
mulation results are provided and found to re-
produce the significant features observed in the
experiments.

2. Modeling for Thermoelastic
Laser Generation of Ultrasound

2.1 Elastodynamic finite element analysis

Without viscous damping being considered, the
finite element formulation of elastodynamic pro-
blem results in the discrete equations of motion
given as

Ku+Mii=F(#) (1)

where K is the global stiffness matrix ; M is the
mass matrix ; F is the vector of applied loads ;
and u and ii are the displacement and its second

order time derivatives, respectively. The second
order time derivative term has to be approximated
in order to get a fully discretized formulation by
which the displacement vector can be solved. The
Newmark time integration scheme is chosen for
this purpose (Moser et al.,, 1999).

Suitable time interval and element size are im-
portant for the accuracy of numerical solutions in
finite element calculations involving wave pro-
pagation. The integration time step, Af, is the
time interval for which Eq. (1) is solved. The
Newmark time integration scheme employs 20
points per cycle of fmax (ANSYS, 2000), where
Jmax is the highest frequency of interest :

1
" 20 fmax

For element size, /., it is generally recommend-
ed that 10 to 20 nodes per wavelength be used

(ANSYS, 2000 : Alleyne and Cawley, 1991), that
1s

At (2)

o=t __ . 3)
where Awn is the shortest wavelength involved.
Proper choice of Af and [, will satisfy the
stability condition. This condition states that the
wave should not propagate right across one mesh
volume in a single time step :

le

Lmax

At

(4)

where [, is the smallest spacing between the nodes
in the mesh and Vimax is the largest longitudinal
wave velocity.

The FE program used in this work is ANSYS
5.6, a commercial, general-purpose FE code. A
plane strain, 4-noded element model was con-
structed to simulate the propagation of a laser-
generated ultrasound and its interaction with sur-
face-breaking cracks.

2.2 Shear-dipole model

When a laser pulse radiates onto a solid sur-
face, the surface region absorbs electromagnetic
energy of the laser source which raises the surface
temperature of the sample. The heated region un-
dergoes rapid thermal expansion, causing ultra-
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sonic wave generation. In this study, we shall
restrict attention to the so-called thermoelastic
regime. It is assumed that no significant optical
penetration occurs below the surface of the test
material. Furthermore, thermal diffusion is ne-
glected as it is not a significant factor within the
time scale of interest.

According to (Scruby and Drain, 1990), a ther-
moelastic source at a point in the interior of an
isotropic material can be represented by three
orthogonal force dipoles of equal strength. When
the thermoelatic laser source is applied on the
surface, it has been shown that the source be-
comes a surface center of expansion, which is
equivalent to a pair of orthogonal dipoles parallel
to the surface (Rose, 1984).

As the dipole strength is proportional to the la-
ser induced temperature rise, the spatial and tem-
poral temperature profiles at the surface should
be specified. In this study, an infinitesimally thin
line laser source is assumed. Under this assump-
tion, the spatial variation of dipoles can be ne-
glected and the surface center of expansion be-
comes a single shear dipole. The temporal distri-
bution of the surface temperature is assumed to
be a half cycle sinusoidal function, similar to
that of the incident laser pulse (Ready, 1971).

Figure 1 shows the schematic of modeling pro-
cess to simulate the thermoelastic laser generation
of ultrasound. An infinitely long line laser pulse
is radiated on the surface of a test specimen (Fig.
1(a)). The thermoelastic source is then replaced
by a set of shear dipoles along the line source,
leading to a plane strain formulation (Fig. 1(b)).
A shear dipole is applied in the form of nodal
forces of equal magnitude and opposite direction

Laser line source

Shear dipabes Nodal foree

—

Thermuoclastic ol 2.0 FE model

Fig. 1 Two dimensional FE modeling of thermo-
elastic laser generation of ultrasound: (a)
Line-focused pulsed laser source, (b) Equiv-
alent surface shear dipoles, and (c) 2-D plane
strain FE model

in the 2-D FE model as shown in Fig. [(c).

2.3 Wave propagation analysis

In order to establish that the shear dipole ap-
proximation adequately models thermoelastic la-
ser generation of ultrasound, a test case of an
uncracked aluminum block is first considered.
For the simulation 2 40 mm X20 mm rectangle
(in x and y direction respectively) is used as
shown in Fig. 2. A symmetry boundary condition
was applied at the left edge. The upper edge of
the material on which the source is applied has
a free boundary condition. The material used is
aluminum, and its properties are: deasity o=
2600 kg/cm®, longitudinal wave velocity V.=
6300 m/s, shear wave velocity Vs=3100 m/s, and
Rayleigh wave velocity Vp=2895 m/s.

The shear dipole is applied on the upper left
corner of the model as a nodal force in the x
direction. The temporal pulse shape of the laser
source is simply assumed to be a sinusoidal func-
tion. A 2 MHz half cycle sinusoidal wave is used
for this purpose. In this case the wavelength of
Rayleigh wave is Az=1.45 mm. According to the
recommendations in the previous section, this
problem is solved with an element size of 0.1 mm
and an integration time step of 0.025 us. A 2-D
plane strain, 4-node isoparametric element is
used.

Figure 2 is a snapshot at {=0.3 us of the waves

Nodal force

20 mm

Symmetry BC

=
3 200 mm

v

Fig. 2 Displacements snapshot using a shear dipole
FE model for laser-generated ultrasound (ma-
terial=aluminum, force function=sin 27xft
(0<¢<0.25 us), f =2 MHz, element used=4
node isoparametric, ,=0.1 mm, At=0.025 us)
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Fig. 3 Horizontal and vertical displacement com-

ponents of Rayleigh wave on the surface at a
location of x=254¢

generated by a half cycle sine function. From this
figure, we can see that a total of five waves are
generated, namely, skimming longitudinal wave
(SL), head wave (H), bulk longitudinal wave
(L), bulk shear wave (S), and surface wave (R).
The skimming longitudinal wave propagates with
longitudinal wave speed just underneath the free
surface. A longitudinal and shear bulk waves also
propagate toward the bottom and right edges of
the model. The surface wave shows the largest
displacement amplitude.

Figure 3 shows the time history of the horizon-
tal and vertical displacement components on the
surface at a location of x=254¢. Two waves are
recorded at this point, one is skimming longitu-
dinal wave (first arrival, not shown in the figure)
and the other corresponds to the Rayleigh sur-
face wave arriving later in time and both arriving
at the theoretically predicted arrival time. We
note in Fig. 3 that the horizontal displacement
component lags behind the vertical displacement
component. This time lag is a characteristic of
Rayleigh surface wave. Therefore, it is conclud-
ed that the surface wave generated by the laser
irradiation is the Rayleigh surface wave.

3. Interaction with
Surface-Breaking Cracks

We consider the case where both laser source
and receiver (optical interferometer) are fixed
with respect to the crack. The FE model and the
parameters used are shown in Fig. 4. These para-
meters are the same as those used in the previous

Source (fixed)

l , shear dipole
‘E‘ Receiver
P e T

d=0.3-5.0

2 L

- —f——
B3
0.1

4

10 uniL.: mm

Fig. 4 Shear dipole-FE modeling of fixed laser
source for investigating the interaction of
laser-generated Rayleigh puilse with surface-
breaking cracks (material=aluminum, force
function=sin 27ft (0<¢<0.25 us), f=2 MHz,
element used=4 node isoparametric, /.=0.1
mm, Af=0.025 us)

section. The upper left corner of the specimen is
loaded with a force boundary condition in the x
direction. A half cycle sinusoidal wave with fre-
quency 2 MHz was applied as a nodal force. The
model is discretized using 15 elements per wave-
length for the Rayleigh wave in aluminum at 2
MHz.

The surface-breaking crack is a 2-D machined
slot, perpendicular to the surface of the half-
space. The slot varies in depth between 0.3 and
5.0 mm, being 0.1 mm wide. This model is simi-
lar to the experimental arrangement of Cooper
et al.(1986), where they studied the interaction
of laser-generated ultrasound with machined
slots.

Figure 5 shows the calculated time traces of
vertical component for slot depths from 0.3 to
5.0 mm. We note that first there is a direct Ray-
leigh wave, whose time delay corresponds to the
source-receiver separation. This wave is followed
by a Rayleigh wave scattered from the crack. The
scattered wave takes the form of two separate
waves. From a detailed study of the wave-arrival
times at the receiver, the first pulse has the
characteristics of a Rayleigh wave reflected from
the top corner of the crack. For the presence of
the second pulse, Cooper et al. (1986) proposed a
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model of diffraction from the lower crack tip and
mode-conversion at the surface. A transmitted
component of surface wave travels down the side
wall and is diffracted at the tip mainly into shear
wave. Some fraction scatters back to the surface
at the critical angle and is mode converted to
another Rayleigh wave, producing the second

minal crack
depth

1
tic

veriica

Time (us)
Fig. 5 Variation of scattered Rayleigh pulses with

slot depth of 0.3-5.0 mm ; pulse-echo mode ;
source-to-slot distance=20 mm, and receiv-

er-to-slot distance=3 mm

Fig. 6 Physical process involved when an incident
Rayieigh pulse interacts with a slot to pro-
duce reflected and transmitted surface pulse
(RR : Reflected Rayleigh pulse at top corner,
RT : Rayleigh pulse transmitted around top
corner, S: Diffracted shear wave at lower
crack tip, RS : Rayleigh pulse resulting from
the diffracted shear wave S at lower crack tip,
TR : Transmitted Rayleigh pulse)

Hyunjo Jeong

wave. This phenomenon is schematically repre-
sented in Fig. 6.

In Fig. 5, the separation between the two peaks
in the scattered Rayleigh pulse clearly increases
with slot depth. For a slot depth of 0.3 mm, the
first and second peaks in the reflected pulse are
just resolved, whereas for slot depths greater than
5.0 mm the amplitude of the second feature be-
comes almost indistinguishable. The time delay
between the two peaks of the scattered Rayleigh
pulse can be related to the crack depth, so this
feature can be used for sizing the crack depth. The
time difference between the RR and RS waves can
be obtained as follows by considering the travel
path and velocity of these waves:

d d

4a . dtan 8
Ve © Vscos 8

Ve (5)

=

If we use #=30° for the critical angle (Cooper et
al., 1986), the expression for the crack depth is
given by

d=— V3 taVa Vs

_(ﬁ“‘l) Vs+2Ve (6)

Figure 7 shows a comparison of actually and
ultrasonically measured crack depths. The agree-
ment is found to be very good.

As illustrated thus far the proposed model
clearly reproduces the interaction of laser-gen-
erated Rayleigh pulse with surface-breaking
cracks observed experimentally (Cooper et al.,
1986). Nevertheless, for small defects relative to
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Actual depth (mm)
Fig. 7 A comparison of actually and ultrasonically

measured slot depths
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the wavelength of the generated Rayleigh wave,
the scattered waves are often too weak to be de-
tected. The recently proposed scanning laser
source (SLS) technique provides an alternative
inspection method which overcomes these size
limitations (Kromine et al., 2000). The SLS ap-
proach is based on the monitoring changes in
laser-generated ultrasound as a laser source is
scanned over a defect. When the SLS is very close
to a crack, due to scattering and changes in the
conditions of generation of ultrasound, the am-
plitude of Rayleigh wave increases significantly,
as compared to the signal generated when the
SLS is far ahead or far behind the crack. These
signatures are found to be noticeable even for
cracks much smaller than the wavelength of inci-
dent Rayleigh wave.

4. Conclusions

A model for the laser-generated ultrasound for
the detection and characterization of surface-
breaking cracks has been presented. The genera-
tion of ultrasound by a line-focused laser source
was modeled by a shear dipole acting on the sur-
face of two dimensional isotropic solid. The sub-
sequent propagation and scattering of generated
waves were analyzed by the finite element meth-
od. The shear dipole-FE model provided correct
Rayleigh wave displacement components when
tested on the surface with no crack. The model
clearly reproduced the far-field scattering pheno-
mena experimentally observed in large surface
-breaking cracks when the laser source was fixed
far ahead of cracks.
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