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INTRODUCTION

Non-contact and couplant-free nondestructive testing methods are desired in
certain situations. There are several designs of non-contact transducers that have been
developed. Electromagnetic acoustic transducers (EMATSs) and laser-based ultrasonic
sensors are well known non-contact transducers. EMATS are typically of limited
bandwidth. EMATs and LBU both have lower sensitivity than conventional piezoelectric
transducers, and are therefore typically useful in situations where there is sufficient signal
strength, but where non-contact is necessary (EMATSs and LBU), or where high spatial
resolution (LBU) is needed. Thus, ultrasonic NDE schemes with various configurations
have been utilized; these configurations include using EMATS as both generator and
receiver [1-2], using lasers as both generator and receiver[3-4], and using a laser as
source and EMATS as receiver [5].

In this work, testing of thin plates using Lamb waves is of interest. As is well
recognized [6-7], Lamb waves are guided waves that can be used to interrogate the
through-the-thickness structural integrity of plates over large distances, provided that
complications associated with multiple modes and dispersion can be resolved. For
practical applications, selecting an optimized single mode leads to higher sensitivity for
detection of certain defect types. This implies that the mode and operation point in the
frequency spectrum should be selectable. In this paper, EMAT generation of Lamb
waves is employed. EMATs can provide a series of spatially periodic line sources on the
surface of conductive objects. These line sources restrict the generated ultrasound to
wave modes that are harmonically related to this spatial “forcing” wavelength, thus
providing an attractive method to generate a single Lamb wave mode at a selectable
operation point, as will be further discussed below.

To check whether indeed a single Lamb wave mode is generated, and to provide
the high spatial resolution that is essential to monitor the scattering from small defects, a
broadband path-stabilized Michelson laser interferometric detector is used to detect the
scattered signal. This system has been successfully applied to an experimental
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investigation of the interaction of a single Lamb wave mode with a crack-like defect in a
thin plate, which is described in detail in another paper [8]. Here we present results of an
experimental detection of fatigue cracks in a riveted plate-structure.

EXPERIMENTAL SETUP

A schematic diagram of the EMAT-generation and laser-detection system is
shown in Figure 1. The system includes the following devices:
A tunable EMAT pulser/receiver unit which is used as the driver of an EMAT;
A path-stabilized Michelson interferometer which is used as a detector;
Related path stabilization feedback control circuits and a D/A plug-in board,
Translation stage and controller;
A digital oscilloscope as waveform monitor and A/D converter;
o A computer with graphical user interface programmed using Lab-Windows.

This is a computer controlled NDE system. The results are displayed on the computer
screen after data processing.

Single Lamb Wave Mode Generation With a EMAT

The meander-line EMAT used in this work radiates energy through spatially
periodic surface stresses. The generation of Rayleigh and Lamb waves by spatially
periodic surface stresses has been investigated by Viktorov et al [9] and Thompson et al
[10]. This spatially periodic line array source is used to excite Lamb waves in plates. The
line spacing & of the elements of the array acts as a “forcing” wavelength. Constructive
and destructive interference takes place among the waves radiating from each line source,
and only the wave modes of the same or harmonic "forcing" wavelength but of different
frequencies will get excited. If the line array source is temporally driven by a narrow-
band signal at the desired ultrasonic frequency, then only the particular Lamb wave mode
with that frequency and harmonic "forcing" wavelength will get excited in the plate. The

optimum spacing size of the EMAT’s coil is 8=A/2 (half the wavelength of the selected
wave mode).
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Figure 1. Schematic diagram of the EMAT generation and laser detection system.
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The EMAT coil is driven by a tone-burst current at the desired ultrasonic
frequency. The central frequency and number of cycles of the tone-burst may also be
changed by the modulation control in order to obtain a different frequency bandwidth.
There is an impedance matching circuit between the coil and the power driver to allow
careful impedance matching adjustments. The specially designed EMAT is always
operated at its electrically resonant state in order to obtain sufficient efficiency.

Broadband Detection by A Path-Stabilized Michelson Interferometer

In order to detect the Lamb waves generated by the EMAT, a broad-bandwidth
and high-spatial resolution, path-stabilized Michelson interferometer was designed. The
optical setup and the related path stabilization control circuits are shown schematically in
Figure 1. The incident beam is split into two beams by a polarized beam splitter (PBS).
The vertically polarized beam is reflected to the reference arm and the beam polarized
horizontally is transmitted into the probing arm. In the probing arm, the beam first passes
through a neutral beam splitter (BS), illuminates the surface of the sample and is reflected
back. The horizontal polarization of the reflected probe beam is rotated by a quarter wave
plate to the vertical polarized direction. In the reference arm, the beam is reflected by two
mirrors, one of which is mounted on a PZT actuator for path stabilization purposes. The
reference and the reflected probe beams, now both polarized vertically, are recombined
by the BS to interfere with each other at the photo detector (PD).

The laser used here is a polarized Helium-Neon laser (SmW). Since the light
intensity loss in the probing arm is much greater than that in the reference arm, the
polarization plane of the laser is rotated to increase the component into the probing arm
until the two beams have equal intensity at the detection plane. The output of the PD is
proportional to the intensity 7 which is given by equation (1):

I=1,+1+2,1,1 -cos(4rAd/1) e))
where Ad=Ad_ +d, .

Here A is the wavelength of the laser being used, /, and I, are the light intensities of the
probing arm and the reference arm, respectively, and Ad, Ad, and d, are total path

difference, static path difference, and path difference due to the out-of-plane
displacement, respectively.

Because the displacements associated with ultrasonic wave propagation are small
compared to the wavelength of the laser, only local oscillations about a point on the
response function Equation (1) occur. To ensure maximum sensitivity and linearity of the
measured signals, the static path difference must be maintained at the optimum
quadrature point. This is achieved when Ad,, = (2n—1)A/8 . The photo detector output
then becomes equation (2), and the absolute displacement of a very small ultrasonic
oscillation d,, may then be determined by simply multiplying the photo detector output
by a known scale factor.

I=1,+1,+2[IT -(4r d,/A) @

Since low frequency but large amplitude phase fluctuations arising from
environmental disturbances, such as room vibration and air turbulence, may cause the
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interferometer to drift out of quadrature, an active feedback controlled PZT actuator is
employed to implement the needed path stabilization. It allows active control to shift the
reference arm length to compensate any fluctuation caused by low frequency
environmental disturbances, thus keeping the static path difference at the expected
quadrature point. The control circuit is adjusted to minimize overshoot while maintaining
a sufficient response speed. The control system can also generate a sinusoidal fluctuation
to cause the reference mirror to vibrate with a displacement that is larger than the
wavelength of the laser in order to get a full-scale response. The DC component of this
response representing the desired stabilization position is used to set the reference value
of the control circuit through a D/A plug-in board. The AC component of this response
representing the actual sensitivity of the interferometer at this location allows us to do
point-by-point auto calibration.

All the measurements are recorded by a digital oscilloscope and transferred to a
computer via the GPIB interface for further data processing. A minimum resolvable
surface displacement of 0.04nm (40pm) has been achieved when the interferometer is
used on a polished test surface and is operated at a bandwidth of DC-20MHz, using time-
average data processing. The experimental results show that the path-stabilized control is
critical for very small displacement detection. The designed path stabilization loop
control and the point-to-point auto calibration effectively eliminate the effects of variable
quality of the surface of the sample being tested.

EXPERIMENTAL RESULTS AND DISCUSSION

Experimental Study of EMAT Generation of A Single Lamb Wave Mode

We only considered a frequency within the IMHz~3MHz range that matches the
bandwidth of our EMAT transducers. The specimens used in this investigation were steel
and aluminum plates.

Three meander-line EMATs with three different spacings of the wires: §;=1.3mm
denoted EMATI, 8,=0.86mm denoted EMAT?2 and §;=1.00mm denoted EMAT3 were
employed. The spacing sizes were selected to be half the wavelength of the desired sy or
agmode.

Figures 2a and 2b show the results when using EMAT1 and EMAT?2,
respectively, both as source and receiver, working in a pulse-echo mode. The received
signals are the reflected waves from the edge of the plate.

Figures 2c~2e, 2f~2h and 2i~2j show the results of using EMAT1, EMAT?2,
EMATS3 respectively, only as transmitters and the path-stabilized interferometer as the
detector. The received signals include the direct signals (so(1) and ay(1)) and the
corresponding reflected signals from the edge of the plate (so(2) and ag(2)). The
interferometer only picks up the normal component of each mode.

Figure 3 shows the experimental results together with theoretical dispersion
curves of the lowest symmetrical (sp) and antisymmetrical (ag) modes for aluminum
plates. It is the plot of the dimensionless wavelength/thickness ratio (A/d) vs. f*d. Here
we use dimensionless A/d such that these dispersion curves are valid for variable
thicknesses of plates. The actual operation points of the EMATs are also shown on the
theoretical curves.
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Figure 2. Experimental results for the analysis of the generated Lamb waves by EMATSs.
(a) EMAT! both as source and receiver, (b) EMAT?2 both as source and receiver, (c)~(e)
EMAT]1 as source and the laser interferometer as receiver, (f)~(h) EMAT?2 as source and
the laser interferometer as receiver, (i)~(j) EMAT3 as source and the laser interferometer

as receiver.

The experimental results show the following:

EMAT]1, which was designed to generate the s) mode only, actually generated the
somode (at 2MHz, C;=4.9mm/ps) and the ay mode (at 1.9MHz, Cg=3.1mm/us)
simultaneously in a 0.75mm thick plate. It is worth noting that the ap mode was
not picked up by EMAT detection (see Figure 2a).

EMAT?2, which was designed to generate the ap mode only, actually did generate
only a single ap mode at any frequency within IMHz to 2.5MHz in a 0.75mm
thick plate. The amplitude of the generated a is maximum when the center
frequency is at 1.5SMHz.

EMATS3 generated only a single s) mode at 1.7MHz and only a single ay mode at
1.2MHz in a 1.5mm-thick aluminum plate. The same EMAT3 generated both sy
and apmodes simultaneously at a frequency 1.5MHz.
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Figure 3. Plot of the theoretical dispersion curves of the lowest symmetrical (sg) and
antisymmetrical (ag) modes and the actual operating points of EMAT1, EMAT2 and
EMATS3, respectively.

From these results, we can draw the following conclusions. The spacing of the
wires in the EMAT coil is critical to its behavior, the wave modes that EMATS can
generate and pick up are dictated by this dimension with respect to plate thickness. By
selecting the spacing size of the wires in the EMAT coil to be half the corresponding
wavelength of the ap mode and keeping the frequency bandwidth small enough, we can
generate a pure single ag mode, since the ap mode has the smallest wavelength compared
with other modes at a given f*¥d. As for the generation of single sy mode, it is necessary to
select an operation point at which the ag mode does not have a harmonic wavelength of
the desired so mode within the given f*d range. Otherwise, a harmonically related ay
mode would also be excited. This is the reason why EMAT3 operating at 1.7MHz
generated only the s) mode, but EMAT1 operating at 2MHz generated both s, and ag
modes (shown in Figure 3). For the other higher modes, it may be more difficult, if not
impossible, to avoid the harmonic lower modes coexisting, since they have higher
wavelength.

Experimental Detection of Fatigue Cracks in A Riveted Aluminum Plate-Structure

As mentioned previously, Lamb waves probe the entire thickness and length of a
plate and therefore interact with flaws anywhere in the structure along the probe path. It
is therefore possible to find defects located either on the surface or internally using only
single sided inspection. In this study, we investigated the scattered field resulting from
the interaction of a single Lamb wave mode with a fatigue crack breaking from a rivet in
a 1.5mm thick aluminum plate.

The experimental configuration is shown in Figure 4. We employed EMATS3 to
generate a pure agmode at 1.2MHz and a pure somode at 1.7MHz, respectively. The
intention is to demonstrate the detection of cracks breaking from the rivet, and to
compare the sensitivity of agand somodes for this type of defect, by means of EMAT
generation and laser detection. Since this is a rough surface sample, we used the specially
designed heterodyne interferometer developed in our center [11], to remotely monitor the
scattered fields. The experimental procedure is as follows. Keep EMAT3’s center aligned
with the laser interferometer probe, and scan together with the laser probe to get B-scan
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Figure 4. Configuration for experimental detection of fatigue cracks in a riveted thin
plate-structure.
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Figure 5. Detected waveforms corresponding to two special probing positions. (a) Crack
is not inside the wave propagation path, (b) crack is inside the wave propagation path.

results ahead of the rivet. Figure 5 shows the detected waveforms corresponding to two
special positions where a crack is outside and within the ultrasound path respectively.

CONCLUSIONS

In this paper, we described the configuration of a narrow-band EMAT ultrasound
generation and a broadband path-stabilized Michelson interferometer detection system.
This system was applied for the excitation of a single Lamb wave mode in a thin plate
and for the investigation of fatigue cracks in riveted thin plates.

The experimental results show that the EMAT can be used as a well-defined
narrow-band ultrasound source. In our study, a pure a) Lamb wave mode and a single sy
mode have been generated respectively through careful design of the EMAT
configuration and electrical rsonance adjustments. The spacing of the wires in the
EMAT is critical, as meander-line type EMATS tend to generate the wave mode whose
wavelength is twice the spacing size. The experimental results are consistent with the
theoretical predictions.
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The laser interferometric detection used here provides the spatial resolution
essential to monitor scattering from small flaws. The interferometric detection system
employs an active path-stabilization feedback control and includes an automatic point-by-
point calibration procedure to effectively eliminate the effects of variable surface quality
of the sample under test.

By applying this EMAT generation of a single Lamb wave mode and the
heterodyne interferometer detection, we experimentally explored the scattered fields
resulting from the interaction of a single Lamb wave mode (s or ap) with a fatigue crack
breaking from a rivet. Useful information concerning quantitative evaluation of these
kinds of defects within thin plate structures has been extracted.
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