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In order to further confirm the relations between the size of internal defect and the measured ultrasonic
signals and understand the interaction mechanism between the ultrasonic wave and inside defect, this
paper has constructed the two-dimensional (2D) plane strain finite element model of the Al plate with
the inside defect to simulate the scattering process of the ultrasonic wave generated by the pulsed laser in
the Al specimen. The dependence of the normalized amplitude of the defect signal on the defect diameter
has been calculated in details, and the ultrasonic reflectance by the cylindrical shaped internal defect was
evaluated in details using the numerical results. It is demonstrated that the laser ultrasonic technique
has the ability to detect the sub-millimeter-scale internal defects in industrial components and engineering

structures.
OCIS codes: 140.0140, 160.0160.

Internal defects might cause cracking in power plant com-
ponents, therefore, harmful internal defects should be
detected as early as possible and appropriate treatment
should be carried out. Because an ultrasonic wave prop-
agates through opaque materials such as metals very effi-
ciently by means of a simple device, it facilitates the de-
tection of internal defects in opaque materials. Therefore,
ultrasonic testing is widely used to inspect whether harm-
ful defects are present and to quantify their size in a wide
range of materials, components, and engineering struc-
tures. Ultrasonic wave generated by the pulsed laser has
received considerable attention since the acoustic pulses
have a short pulse duration, typically less than 1.0 us
long, and there is wide application in nondestructive eval-
uation fields!""?] and materials characterization!®!.

It is expected that the ultrasonic waveforms obtained
by laser ultrasonic technique express the conditions of
the measured materials more precisely!?, and that this
analysis technique has potential for detection of the mi-
crometer scale internal defects. Furthermore, the acous-
tic waves generated by two laser beams with the same
characters have been proved to have the larger ampli-
tude, especially shear wave, which can be applied to the
detection of internal defects. The sharp lateral focus of
the internal waves, which persists for some depth, sug-
gests that one can use this ideal characteristic to detect
internal defects with good spatial resolution. The large
shear wave amplitude produced by this method also sug-
gests that defect detection can be carried out by shear to
compression mode conversion.

The scattered waveforms produced by the internal de-
fect are dependent on the features of the cylindrical
shaped defect. The experimental results of previous
literaturesl® have been self-consistent in showing that
the waveforms scattered from the internal defect contain
an additional component when compared to the incident
acoustic pulse. Since the scattered waveform may form
the basis of an inside defect sizing and contour technique
in metals, it is important that its nature is fully un-
derstood. The generation and propagation procession of
thermoelastic waves are complex, especially the processes
involving the mode conversion phenomena. The finite el-
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ement method (FEM), adopted in this paper, has many
advantages, first of all, it is versatile due to its flexibil-
ity in modeling complicated geometry and its availability
in obtaining full field numerical solutions. In addition,
the method can directly give the enough temporal reso-
lution to resolve the abundant frequency components of
the pulse of the scattered bulk wave signals.

The geometry of laser irradiation on a specimen is
schematically shown in Fig. 1, the laser beam is assumed
to be perpendicular to the surface, where it heats a finite
subsurface volume. The spatial mode of the laser beam is
assumed to be a Gaussian distribution in the z-direction
and a uniform distribution in the z-direction; in addition,
the hole on the side wall acts on the internal defect, being
assumed to be uniform along the z-direction, so that the
three-dimensional Cartesian coordinate system could be
reduced to the two dimensions, as shown in Fig. 2.

The incident laser is modeled as a surface heat source,
and the equations of motion for the top region are given
by

Fig. 1. Schematic diagram of the sample irradiated by two
laser beams.
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Fig. 2. Cross section of the sample.
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where T'(t, z,y) is the temperature field, K is the thermal
conductivity, p is the mass density, ¢, is the specific heat,
A(T) is the optical absorptivity of specimen; g(x — Z;)
and h (t) are the spatial and temporal distribution of the
laser pulse, respectively. These two functions can be writ-

ten as
ht) = g exo (—ti) , @)
9@ - ) = exp (—%)mizm), Q

where tg is the rise time of the laser pulse, ag is the half-
width of the pulsed laser line source, z1; and x> are the
central positions of two laser beams illuminating on the
sample.

When the specimen surface is illuminated with a laser
pulse with the energy less than the melting threshold of
the specimen, a transient displacements field will be ex-
cited due to the thermoelastic expansion. In an isotropic
body, the displacement satisfies
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or or -
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Where U(t,z,y) is the time-dependent displacements,
and the U,,U, represent the 2- and y-direction displace-
ment, A\, 4 are Lame constants, and « is the thermoelastic
expansion coefficient of the isotropic plate material. The
free boundary conditions at the two parallel surfaces and
the sphere internal surface of the internal defect can be
expressed as

n-o—(BX+2u)aT (z,y,t) I] =0, (6)

where n is the unit vector normal to the surface, I is the
unit tensor and o is the stress tensor. In addition to the
boundary condition, there is also an initial condition

oU (z,y,t)
ot

The thermal expansion is then generated by the im-
posed temperature field through Eq. (4). The conversion
of elastic energy to thermal energy is ignored and the
temperature rise is considered to be due to the incident
laser only. The calculations are based on the physical
properties of an aluminum sample: o = 2.31 x 107> K1,
A = 5.81 x 10'° Pa; ;1 = 2.61 x 10'° Pa; and the tempera-
ture dependence parameters such as optical absorptivity,
thermal conductive, density and specific heat were given

U(z,y,t) = =0, t=0. (7)
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in previous papers®!.

The distortion of the compression arrival peak at 3.14
us and shear arrival peak at 6.35 us have been shown in
the Fig. 3, which has the pronounced features to help
us to understand the influence of the internal defect on
the waveform. Figure 4 demonstrates the bulk ultrasonic
waveform recorded at the epicenter under the conditions
that the internal defect was located in the position of
centre axis of the two laser source and the distance be-
tween the centres of the sphere-shaped defect to the back
surface is kept 6 mm. The location of the defect has
been fixed in the finite element model, with the help of
the known speeds of compression and shear wave in alu-
minum, the mode conversion that occurred in the inter-
action of the bulk ultrasonic wave and the internal defect
have been analyzed in this paper.

Measuring the timing of the four more pronounced new
features that appear in the Fig. 4 due to the presence
of the defect, we can draw a initial conclusion that the
first feature occurring at 4.8 s is the arrival of the com-
pression wave reflected first by the back surface and then
by the defect. The second feature occurring at 5.7 us,
labeled dSP, is due to shear to compression mode conver-
sion at the defect, with the scattered compressional wave
reaching the transducer before the direct shear wave ar-
rived. Compared with Figs. 4 and 5, we can find that
the radii of the internal sphere shaped defects have the
obvious influence on the characteristics of the waveform
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Fig. 3. The bulk wave signal received at the epicenter of the
sample without defect.
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Fig. 4. The bulk wave signal received at the epicenter of the
sample with the defect’s radii being 0.5 (a) and 1 mm (b)
with the center located at y=4 mm.
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recorded at the epicenter. So the results suggest that we
can further deduce the locations and dimensions of the
internal crack using the bulk ultrasonic wave forms gen-
erated by two laser beams, which are moving on the top
surface of the sample.

Finite element method has provided a viable tool to
simulate the complex phenomena of mode conversion oc-
curred in the bulk ultrasonic wave interrogates the inter-
nal defect; and the bulk wave generated by the two laser
beam has the capacity to identify the internal defect with
the sub-millimeter diameter. In addition, in combination
with the numerical results of the normalized amplitude
of the defect signal on the different defect with varied
diameters, the present study can also serve as a basis for
the quantitative measurements of inclusions in materials.
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