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Summary:

Structural health monitoring (SHM) of fiber reinforced composite structures has become a very
critical topic for aviation safety due to the fact that the use of composite materials in the aircraft
industry has steadily increased in recent decades. Composite materials offer many mechanical
advantages over metallic materials when being used in the aircraft industry. However, since the
composite materials are generally anisotropic, and the defects generated in composite
structures are usually not visible from material surfaces, the use of composite materials prompts
challenges to the SHM community. The objective of this project is to answer the challenges by
developing a reliable and cost effective ultrasonic guided wave based SHM techniques that take
into account the material anisotropy of composite structures.

In the early performance period of the project, analytical and numerical tools for guided wave
propagation in anisotropic composite plates were established. The tools were then used to aid
the further developments of guided wave mechanics based SHM techniques.

Two guided wave SHM approaches were developed in this project. The first approach is based
on a guided wave tomographic technique, in which the region surrounded by a sparse sensor
array is monitored. The second one is a phased array approach, in which sensors are attached to
a structure in a compact format to form an array. The region subjected to inspection and
monitoring is the region outside the array. Both techniques have shown an excellent capability
of determining damage size, location, and severity.

The importance of guided wave mode and frequency control has been demonstrated for both
the tomography and the phased array approach. Guided wave annular arrays have been
successfully developed as a means of mode and frequency control. Phased annular array
transducers with excellent flexibility on guided wave mode tuning have also been investigated.

Guided wave tomography with improved robustness to environmental conditions was
demonstrated via the application of specially designed annular arrays. Damage detection using
phased array beamforming was also achieved. Unique beamformer transducers were developed
and applied to both isotropic and anisotropic multilayer composite structures. Research on
phased arrays with nonlinear phase delays has also been carried out, together with
development of a phased array circuit that is particularly suitable for guided wave phased array
applications.



Composite plates

Quasi-isotropic Carbon/epoxy composite plates were selected as example structures in this
project to represent aircraft fuselage and wing skins and to demonstrate the guided wave SHM
technique. The number of layers of the composite plates was 8 or 16. The layup sequence for
the 8 layer composite plate was [0/45/90/-45];,, whereas for the 16 layer one, the layup
sequence was [(0/45/90/-45);],. The composite plates were fabricated in Penn State using Cytec
CYCOM IM7/977-3 Carbon/epoxy prepregs. Hand layup and vacuum bagged autoclave curing
was employed in the plate fabrication. The averaged ply thickness of the plates was measured at
0.2 mm. The measured density of the plates was 1.608 g/cc. The elastic properties of the
IM7/977-3 single lamina found in reference [Schoeppner 2001] are listed in Table 1.

Table 1: Elastic properties of the IM7/977-3 lamina

E; 172 GPa
Ex=E; 9.8 GPa
Ga3 3.2 GPa
G12=Gy3 6.1 GPa
Va3 0.55
V12= Vi3 0.37

Wave mechanics studies

Guided wave mechanics for traction free plates serves as a fundamental basis for all of the
problems that utilize plate waves. Dispersion curves, wave structures, and other free wave
characteristics are essential in guided wave applications. The investigation of guided wave
excitation as well as wave scattering is also set forth from the free wave solutions.

In this project, we employed a SAFE (Semi-Analytical Finite Element) computational method in
our guided wave mechanics studies for traction free composite plates. The SAFE method adopts

. . ikt
a harmonic exponential term g'(*~)

to describe the wave behavior in the wave propagation
direction, where X represents the wave propagation direction, K represents the wave number,
o represents the radial frequency, and t is the time term. For anisotropic wave guides, it is
possible to have different propagation directions for phase velocity and energy velocity. To
avoid confusion, the wave propagation direction of phase velocity is named wave vector
direction hereafter. The finite element discretization of the SAFE method takes place at the

cross section of the wave guide that is perpendicular to the wave vector direction.




For the problem of plane wave propagation in a plate, a one-dimensional discretization across
the plate thickness is sufficient. The displacements, strains, and stresses within a finite element
can then be expressed as functions of the nodal displacements whose variations in the wave
vector direction X satisfies the harmonic exponential assumption. A general eigenvalue problem
can be formed after submitting the harmonic wave expressions into the governing equation for
elastic wave motions and applying the finite element assembly. Well developed eigenvalue
solvers can then be employed to seek the eigenvalues that corresponds to the dispersion
relations and the eigenvectors that provide information on the wave structures [Hayashi 2003].
Compared to the conventional global matrix methods or transfer matrix methods [Thomson
1950], [Knopoff 1964] for solving the dispersion curves and wave structures, the SAFE method
avoids the root searching procedure and thus is more numerically stable. Moreover, it is more
convenient to implement material viscoelasiticity in to a SAFE calculation since the complex
domain root searching becomes even more difficult when dealing with viscoelastic wave guides
[Bartoli 2006], [Gao 2007].

The phase velocity dispersion curves calculated using the SAFE method for the 0°, 30°, and -30°
wave vector directions in the 8 layer quasi-isotropic composite plate are given in Figure 1 (a),
(b), and (c), respectively. As can be seen, due to the material anisotropy, the dispersion curves
are different for all three wave vector directions. Besides, the decoupling between Lamb waves
and SH waves in single isotropic plates no longer exists for the composite plate. The wave mode
numbering system proposed in [Gao 2007] is used in this work to name guided wave modes in
composites. The three fundamental modes with no cut-off frequencies are named modes 1 to 3
based on the values of phase velocities at low frequency. Higher order modes starting from
mode 4 are numbered based on their cut-off frequencies for the 0° wave vector direction. The
first 6 modes are labeled with their names in Figure 1. The corresponding group velocity
dispersion curves are shown in Figure 2. It should be noticed that when using the SAFE method,
it is critical to check the convergence of the results. Generally, more nodes are needed in SAFE
calculations to accurately represent the wave modes whose wave structures are of larger
variations across the plate thickness. The guided wave calculations presented in this report were
always conducted with enough elements to ensure convergence. The convergence was achieved
when the dispersion curves did not change when increasing the number of elements.
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Figure 1: Phase velocity dispersion curves of the 8 layer quasi-isotropic plate for the
wave vector directions of (a) 0°, (b) 30°, and (c) -30°.
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Figure 2: Group velocity dispersion curves of the 8 layer quasi-isotropic plate for the
wave vector directions of (a) 0°, (b) 30°, and (c) -30°.




Example wave structures for guided wave modes propagating in the 0° direction are presented
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Figure 3: Example wave structures of the three fundamental modes at 500 kHz. (a) mode
1, (b) mode 2, (c) mode 3.

As demonstrated in Figure 3, wave structures vary dramatically from one mode to the other
even though the frequencies are the same. Since guided wave modes with different wave
structures are sensitive to different types of defects, the great variations of wave structures
among different guided wave modes and frequencies offer an excellent flexibility in guided



wave NDE and SHM applications. The wave structures shown in Figure 3 have nonzero
displacements in all three displacement directions, whereas in isotropic plates, Lamb waves only
have displacements in X and z directions and SH waves have Yy direction displacements only.
Nevertheless, analogies between the guided wave modes in the composite plate and the wave
modes in isotropic plates can still be observed. For instance, the wave structure of mode 1 in the
composite plate has dominant out-of-plane displacement (u,) which makes mode 1 similar to
the Lamb wave mode AO in isotropic plates. Similarly, mode 2 and mode 3 have analogies with
the SHO mode and the SO mode, respectively. Due to the analogies based on wave structures,
the fundamental wave modes in the composite plate possess somewhat similar characteristics
as the A0, SO, and SHO modes in isotropic plates when considering wave excitabilities.

The stress distributions across the plate thickness for the three fundamental modes of the
composite plate at 500 kHz are shown in Figure 4. As shown, the calculated stress components

o, 0,,, and o, vanish at the plate surfaces, which satisfies the traction free boundary

Xz’ yz’
conditions. They also satisfy the continuity interface conditions between different layers of the

composite plate. The correctness of the SAFE calculations is thus verified.
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Figure 4: Stress distributions of the three fundamental modes at 500 kHz. (a) mode 1, (b)
mode 2, (c) mode 3.

Starting from an electromagnetic-acoustic analogy, B.A. Auld derived an acoustic Poynting
vector that represents the power flow density vector of acoustic waves in solids [Auld 1971a].
The acoustic Poynting vector is not only useful for investigating guided wave energy but also
plays an important role in guided wave field normalization, guided wave excitability studies, as
well as skew angle determination for anisotropic wave guides. The complex Poynting vector can
be calculated from the particle velocity and stress fields based on the following equation:

| , (1)

where V represents the conjugate of particle velocity vector and G, represents the stress

matrix of format:

Gxx O-xy ze
6y =|0y, O, Oy, (2)
O % O-zy O,

For plate wave guides, the three components of the Poynting vector provide us with the power

flow densities of a guided wave mode in three orthogonal directions. An integral of P, (the

component in the wave vector direction) across the plate thickness yields the power flow
carried by the guided wave mode in the wave vector direction.

If material anisotropy is not present, all three components of the second row in the stress matrix
vanish for plane wave assumption. In this case, the Poynting vector only has two nonzero

components P, and P, for the wave vector direction and the plate thickness direction,

respectively. For the cases of anisotropic plates, however, the Py component becomes nonzero
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for some wave modes. The nonzero Py component introduces wave skew effects to the guided

wave modes. The skew angles can be calculated based on the equation given below:

ijdz

P = taN"| & (3)
‘ Idez
d

The skew angle dispersion curves calculated based on Eq. (3) are shown in Figure 5. The
integrations in Eq. (3) were evaluated numerically. The wave vector direction was 0°.

Skew Angle (degree)

_50 | | |
0 0.5 1 1.5 2

Frequency (MHz)

Figure 5: Skew angle dispersion curves of the composite plate for the 0° wave vector
direction. Modes 1-6 are labeled.

Although the composite plate was of a quasi-isotropic stacking sequence, the skew angles
introduced by the material anisotropy actually varied in a large range roughly from -45 degrees
to 38 degrees. For guided wave modes with nonzero skew angles, the wave energies propagate
in the directions that are away from the wave vector direction. Hence, a careful investigation on
wave skew effects is necessary in guided wave applications for anisotropic wave guides.
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Guided wave excitation by SHM sensors

The dispersion curves obtained in the free guided wave solutions showed that there are an
infinite number of guided wave modes for a plate. In order to excite the guided wave modes, a
loading source needs to be applied to the plate. The forced guided wave solutions then become
critical for the understanding of the source influence on the excitation of different guided wave
modes. The high sensitivity and accuracy of guided wave inspections can be achieved only if the
knowledge of what guided wave modes will be excited by the loading source is established. As
an inverse problem, guided wave transducers as well as controlled guided wave inspection
techniques can be developed by implementing the guided wave excitation studies into the
developments of the transducers and the inspection techniques.

Source influence for straight-crested plane waves

The free guided wave solutions presented previously were obtained by assuming that the width
of the plate is infinite in the y direction such that the plane strain assumption is used. The
guided waves propagate in the X direction. The source influence study can be started from the
problem of guided wave excitation by a surface loading source. The problem geometry is
depicted in Figure 6. The loading source is elongated in the width direction (y direction) toward
infinity such that straight-crested plane waves are excited in the plate.

—>|o|e
%

Figure 6: A surface loading source on a plate (after [Ditri 1994a]).

Based on the normal mode expansion technique ([Auld 1971a], [Ditri 1994a], [Auld 1971b],
[Kino 1987]), the guided wave field excited by the source can be expanded into a combination of
different guided wave modes:

v(x,2)=3 A, (x)v,(2), (4)
T(x,z)=> A,(¥T,(2), (5)

12



where v represents the particle velocity field, T represents the stress field, Vﬂ and Tﬂ

respectively represent the particle velocity and stress distributions across the thickness of the

plate that can be derived from the wave structures of the x th mode, and A#(X) represents the

amplitude factor for the 1 th mode. Notice that the time harmonic dependence of the wave

field is dropped for brevity. By applying the orthogonality relation among different wave modes
and also the boundary conditions, one can show that the amplitude factor in Egs. (4) and (5) can
be evaluated using the following equation [Ditri 1994a]:

iIZX )

A= Zp e ™5, (d12)-tln)d7, (6)

e

where t denotes the traction applied on the top surface of the plate, the tilde represents

complex conjugation, and PW can be calculated as:
1 972

Puy = Re[_E J‘Vﬂ 'Tu 'exdzj' (7)
-d/2

which corresponds to the X component of the Poynting’s vector.

Based on Eq. (7), the displacement field of the £ th mode can be expressed as:

d /2 % (F
u, = '[t _'k“”dn u, (Z)e'(k"x_”t). (8)

—00

The harmonic time dependence of the displacement field is put back in Eq (8). The displacement
field on the surface where the load is applied can then be expressed as a dot product of a matrix
and a vector:

o) - T i
ll#(d /2) = |:E# . J-t(n)eik,ﬂdn} el(kyxfwt), (9)

In which the matrix E# is the multiplication of two vectors:

_[w, @2l
TS

up

xv,(d/2). (10)

The matrix E# is defined as the excitability matrix of the x th mode in this report.

If, for example, an in-plane line source is applied on the top surface of the plate at x=0, the
loading traction is expressed as

13



t(x)=t,5(x),. (11)

The integral term included in Eq. (9) becomes:
[t ™ dn=t,é,. (12)

Based on Egs. (9), (10), and (12), it is straightforward to calculate the surface in-plane
displacement of an excited guided wave mode:

o i(lzﬂx—wt)
u,,(d/2)=-it,E, e , (13)

where E,, , is one element of the excitability matrix:

1

o = %[Uxﬂ (d/2)f. (14)

o

Physical insights on the guided wave excitation can be obtained from Eq. (14) in which the
excitability is proportional to the square of power flow normalized surface displacement
component in the direction of the applied traction. In other words, wave modes whose wave
structures “match” the applied traction more intend to have higher excitability.

Excitation of circular-crested guided waves by point sources

In many guided wave SHM applications, the transducers have dimensions that are smaller than
the wavelength of the guided wave mode. In these cases, the assumption in the strip type
loading adopted in the previous source influence study for the straight-crested plane waves
becomes invalid. Circular-crested waves are the type of waves excited by the transducers.

The schematic drawing of the circular-crested waves excited by a point source is given in Figure
7. A cylindrical coordinate system is used. The origin of the cylindrical coordinate system locates
at the center of the plate. The point source is applied at the center of the top surface of the
plate at which the coordinates are (r=0, z=d/2).

14



Figure 7: Schematic drawing of the circular-crested waves excited by a point source.

On the basis of the derivation for wave motion generated by a time-harmonic point load
[Achenbach 1999], [Ditri 1994b], Wilcox was able to link the point excitations of circular-crested
waves to the line excitations of straight-crested waves [Wilcox 2004], [Wilcox 2005]. From Egs.
(13) and (14), the guided wave surface displacement fields of the v th mode excited by line
sources can be derived as:

u,(@/2)=[E, (&, 1, )]t s

where the conjugate of the wavenumber IZV is replaced by kv for propagating wave modes.
Based on Wilcox’s work, the guided wave surface displacement fields excited by out-of-plane
point sources applied to the point (r=0, z=d/2) or in-plane point sources applied to the same
point in the & = 0 direction can be expressed as:

u,(d/2)=[EC . (6, t,6, .8,) ] HOK e, ()

rYr?

(3D)

where E is a 3D excitability matrix for point sources whose components are linked to the

components of the E, matrix given in Eq. (15) through the following equations:
rry

EGP) = IkTV E.. cos(d), (17)

EGP) —0, (18)

rév

15



EGP) = Ik, E.. (19)
2
EGD) =ik7VEyyvsin(9), (20)
Efo) =0, (21)
ESP 0, (22)
ED) = % E,.. cos(8), (23)
ES) =0, (24)
geo Mo (25)

It is shown that the spatial variation of the circular-crested Lamb waves is described by a first
kind Hankel function of zero order rather than the exponential function for the straight-crested
waves. The Hankel function captures the decay of the Lamb waves as the waves travel outwards
from the source. It is also important to know that the circular-crested Lamb waves in plates
satisfy the same dispersion relations as the straight-crested Lamb waves do [Achenbach 1999],

[Wilcox 2005]. The connections between the matrices E(VgD) and E , nevertheless, are valid

v
except for the very near field of the source. In our guided wave SHM applications, the interests
are generally placed outside the very near fields of the transducers. Therefore, Eqgs. (17)-(25) are
applicable in SHM applications. Since any source loading applied to the surface of the plate can
be decomposed into a combination of the out-of-plane and in-plane point sources based on
Huygen’s principle, Egs. (17)-(25) can be used to predict the guided wave fields excited by any
surface loading.

Guided wave excitation of PWAS in isotropic plates

Piezoelectric Wafer Active Sensors (PWAS) have been extensively used in ultrasonic guided wave
SHM applications due to their small size, light weight, and low cost. | was revealed that the
interaction between an attached PWAS and the host structure behaves as interfacial shear
stresses locating only at the edge of the PWAS if the bonding layer is thin and rigid [Giurgiutiu
2005]. Therefore, we can consider the loading of an attached PWAS as an axisymmetric in-plane
loading located at the circle of the disk edge. The guided wave field excited by this axisymmetric
in-plane loading can be predicted by integrating the in-plane point source solution along the
circle of the disk edge.

16



As can be obtained from Figure 8, the in-plane surface particle displacement in the r direction of
wave mode v at the position (r, 0) excited by a small portion Rd¢ of the disk can be written as:

du,, =" B, cos(HE Tk, (r~Reos@)lor R, o

where R is the radius of the disk and pr, represents the line density of the in-plane traction.

Leave-in-Place Piezoelectric Disk Transducer

Figure 8: Geometry of far field wave excitation by a leave-in-place piezoelectric disk
transducer.

The in-plane displacement excited by the whole disk is an integral of duw along the disk edge:

. 2z
v Ik?l, EXvaTr R J.COS(¢)H él) [kv (r - R COS(¢))]d¢ * (27)
0

[

After applying the asymptotic form of Hankel function for large parameters, we obtain an

asymptotic solution of U,
‘/— exp (i, {1/ E. jcos ¢)exp(— ik Rcos(¢))d¢}
V4

1’ IOTrR xxv k R)}exp(lk"r)

The corresponding out-of-plane displacement U, is of form:

e =iy 2 REE, 3, R)fexali, ). (29

Special attention needs to be paid to the fact that the & direction in-plane displacement excited

(3D)

by the small portion Rd¢ of the disk is nonzero since E; "’ given in Eq. (20) does not vanish. The

(28)

displacement dugv generated by Rdgis as follows:
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ik,

>y sin(@)Hg [k, (r—Reos(g))lor Rdg.  (30)

du,, =-

The point source defined by Rd¢ hence excites not only Lamb type circular-crested waves but

also SH type waves. However, it is not hard to show that the integral of dugv along the circle

given by the disk edge equals to zero, i.e.,

2z

- i|;V E,,, sin(¢)H"[k, (r - Rcos(¢))]o, Rdg = 0. (31)

0

As a result, the disk transducer only excites circular-crested Lamb waves. The Lamb wave
displacement fields given by Egs. (28) and (29) are comparable to the ones derived using the
Hankel transform in [Raghavan 2004].

Finite element (FE) analysis has been extensively used for guided wave problems. As a numerical
method, FE analysis is capable of dealing with complex wave guide geometries and wave
scattering problems whose closed form solutions are not available or hard to obtain. FE analysis
can also be applied as a numerical experiment method to validate guided wave theories as well
as to provide visualization of guided wave propagation and scattering. In this project, we have
employed a commercially available FE software package Abaqus Explicit to model the guided
wave excitation of the PWAS and have compared the FEA results with the theoretical solutions
derived previously.

Based on the theoretical derivations, the guided wave displacements excited by a leave-in-place
PWAS can be evaluated using Egs. (28) and (29). These two equations are suitable for calculating
the displacements for a single frequency. In practical applications and also numerical
experiments performed by FE models, the applied loads are generally described by short pulses
or tone-burst signals. Hence, the time domain loading signals need to be transformed into
frequency domain using a Fourier transform before applying Egs. (28) and (29). For the ease of
comparing to experimental results or FE analysis results, the contributions of the different
frequency components of the applied signals are subject to a transformation back to the time
domain. The transformation can be carried out using the following equations:

u, (r,t)=> u,(r,o,tF(»), (32)
u,(r,t)=>u,(r.otF(w), (33)

where F(a)) is the amplitude factor of the frequency component @ which is available in the

Fourier transform result.

In the FE analysis, since the guided wave fields excited by the out-of-plane point source were
axisymmetric, the 2-dimensional axisymmetric model in Abaqus can be used. The sketch of the
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FE model defined in ABAQUS is shown in Figure 9. The plate was a 1 mm thick aluminum plate.
The radius of the PWAS was 4 mm. The load provided by a PWAS was described as shear
traction acting at the edge of the transducer. A unit in-plane force was applied to represent the
transducer load. The traction density po;, in Egs. (28) and (29) was 1/27R for this case. The

amplitude of the applied force was defined by a 5 cycle 300kHz Hanning windowed tone-burst
signal. Two particle displacement measurement points were defined at the distance of 0.1m
from the axisymmetric axis on the upper and lower surfaces of the plate, respectively. The time
history records of the particle displacements at the displacement measurement points were
obtained in the FE analysis.

Axisymmetric axis Displacement measurement
' point on the upper surface

|‘Ii adius of the transducer

n-plane force

Displacement measurement
point on the lower surface

Figure 9: Axisymmetric FE model for a PWAS attached to the surface of a 1mm thick
aluminum plate. The radius of the transducer is 4mm.

The time histories of the particle displacements at the measurement points contain the
information for both the A0 mode and the SO mode. Thanks to the symmetries in wave
structures, the A0 mode and the SO mode can be separated using the following equations:

Upno () = Uy () 2=, 1)/ 2, (34)
Uppo (t) = o (1) 2+ U, (8)/ 2, (35)
Uyso (t) = Uy ()/ 2+ Uy, 1)/ 2, (36)
Uso(t) = oy (1) 2= U, (1)1 2, (37)

where Usup and U represent the in-plane displacement signals recorded from the upper and

xLow

lower surfaces of the plate, respectively. U,,, and U are the corresponding out-of-plane

zLow

displacement signals.
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The in-plane displacements excited by the PWAS were obtained by the FE analyses for both AO
and SO modes and then were compared to the ones calculated from the closed form solutions
given in Egs. (28) and (29). The results are presented in Figures 10 and 11 for the A0 and the SO
modes, respectively.

x 10

— Theoretical Calculation
I - - - - FE Modeling

0.5 1 -

Displacement (m)
o

0.5 | B

L L L L L L L L L |
0 01 0.2 0.3 0.4 05 06 07 08 09 1
Time (second)

x 10"

Figure 10: Comparison between theoretical calculation and FE modeling on the in-plane
displacement of the A0 mode for the 4mm radius PWAS.
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Figure 11: Comparison between theoretical calculation and FE modeling on the in-plane
displacement of the SO mode for the 4mm radius PWAS.

As demonstrated in Figure 10, the in-plane displacements of the A0 mode calculated from the
theoretical calculation and from the FE modeling match quite well. The result for the SO mode
calculated from the FE modeling, as shown in Figure 11, has not only direct arrival signals of the
SO mode at the measurement points, but also contains the edge reflections of the SO mode. An
excellent match between the theoretical calculation and the FE modeling can be observed for
the direct arrival signal. Hence, the theoretical derivations for the point source guided wave
excitation are validated by the FE modeling. Comparing to the FE analyses, the closed form
solutions not only offer computational efficiency but also avoid the presence of numerical
calculation errors and reflection signals that could introduce difficulties for signal analyses in FE
modeling.

When using the PWAS as SHM sensors, especially when using it as a phased array element, it is
critical to know the guided wave excitations of the transducers at different frequencies. The
magnitudes of the in-plane displacements given in Eq. (28) are plotted in Figure 12 for different
frequencies. As can be seen, the excitations of the A0 mode and the SO mode vary differently
with respect to the frequency change. As a result, it is possible to control the ratio of the A0
mode to the SO mode by selecting different operating frequencies. The frequency domain
representations of the in-plane displacements obtained from the FE analysis are also plotted in
Figure 12. To avoid numerical errors, the frequency domain representations are only calculated
for the frequencies within the 6dB bandwidth of the input excitation signal: the 5 cycle Hanning
windowed tone-burst signal. Apparently, the derived closed form solutions can be applied to
correctly evaluate the frequency domain representations for a large frequency range in a
computational effective way.
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Figure 12: Frequency domain comparison between theoretical calculation and FE
modeling on the in-plane displacements for the 4mm radius leave-in-place piezoelectric
disk transducer.

In guided wave phased array applications, it is important to ensure a single wave mode
excitation such that the influence of unwanted wave modes can be eliminated. When using the
PWAS as an array element, to optimize the radius and operating frequency of the PWAS under
consideration of controlling the influence of unwanted wave modes, it is critical to understand
the variation of the wave excitations with respect to the change of both the radius and the
operating frequency. Evaluating Eq. (28) at different frequencies for different PWAS transducer
radiuses, one can plot the in-plane displacement spectrums in a frequency-radius domain. The
normalized in-plane displacement spectrums for a 1mm thick aluminum plate are shown in
Figure 13 for the A0 and the SO wave modes. The normalized in-plane displacement spectrum is
named guided wave mode selection spectrum here based on the fact that the mode selection
capability of the transducer is directly revealed in the spectrum.

Notice that the color scales used for Figure 13 (a) and (b) are the same such that the mode
selection capabilities for the two modes can be easily compared. For instance, it is easy to
observe that the mode selection capability of a 6mm radius transducer for the SO mode is higher
than the one for the AO mode at 0.2MHz. However, at the same frequency, if a 2mm radius
transducer is used, the mode selection capability is higher for the AO mode.
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Figure 13: Guided wave mode selection spectrums of PWAS for a 1mm thick aluminum
plate.

The SO-to-AO-ratio of mode selection capability can be obtained by dividing the mode selection
spectrum of the SO mode by the one of the A0 mode. The spectrum of the SO-to-AO-ratio on
mode selection capability for a Imm thick aluminum plate is presented in Figure 14 in dB scale.
From such a spectrum, the regions where the excitation capability of the SO mode is much
higher than the A0 mode can be easily identified. The regions where the excitation capability of
the AO mode is higher than the SO mode are indicated in the spectrum by negative dB values as
well. As a result, the transducer radius and the operating frequency can be chosen according to
the spectrum shown in Figure 14 to have one mode excited dominantly over the other and thus
control the influence of the unwanted wave mode.
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Figure 14: Spectrum of the SO-to-AO-ratio of mode selection capability for a 1mm thick
aluminum plate.

Guided wave excitation in composite plates

The problem of guided wave point source excitation becomes much more complex for
composite plates. Material anisotropy of composite plates may have Lamb waves and SH waves
coupled together such that nonzero particle displacements in all three directions are present in
the wave structures of the straight-crested waves. Thus, all of the components of the 2-
dimensional excitability matrix defined in Eq. (10) are nonzero. The excitability matrix also
depends on the wave propagation direction. The wave skew effects in composite plates bring
another extra difficulty as compared to the problem of guided wave point source excitation in
isotropic plates. In this report, the asymptotic method proposed in [Velichko 2007] is modified
and applied for predicting the guided wave excitations in composite plates.

For 2D straight-crested guided waves, the particle displacement field excited by a surface
traction loading as a summation of Eqg. (8) with respect to all possible wave modes can be
rewritten using a 2D Green’s function:

(X z, t “g X n,7 d77]T (38)

where the Green’s function is of the form:

)=l %(12) g (39)

4P

vv

Similarly, the particle displacement field excited by an arbitrary surface loading can be described
by a 3D Green’s function g(g)(x’, y’, Z) for the rectangular coordinate system shown in Figure
15:

u®(x',y’, z,t? [Hg (X =1,y ~5.2)-t9(p,c)dmdg] . (@0

The corresponding wavenumber domain 3D Green’s function can be obtained by applying a 2D

spatial Fourier transform to the function g(s)(x', y', Z):
GY k’ ky,z ”g X,y 2)e (k;“k;y)dx’dy'. (41)

Since k| and k; are wavenumbers for straight-crested waves, it is easier to find the

connections between the 3D guided wave excitation by the arbitrary surface loading with the 2D
straight-crested guided wave excitation in wavenumber domain. The 2D Green’s function in
wavenumber domain can also be obtained by a 1D spatial Fourier transform:
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G(k,z)= _[g(x, z)e ™ dx. (42)

t¥(x’y)

Figure 15: Arbitrary surface loading applied to the surface of a composite plate.

Assume that the angle from the axis X’ shown in Figure 15 to the axis x that defines the wave
propagation direction of the 2D straight-crested is », the coordinate transformation from the

3D wave excitation coordinate system to the one of the 2D wave excitation case can be
achieved with the following equation:

cosy siny O
[xv.z]' = A)x,y'2]", A(y)=|-siny cosy 0|  (43)
0 0 1

After coordinate transformation, the 3D wavenumber domain Green’s function G(a)(k;,k;, Z)

becomes:

Gk, ,k,,z)= AG® (K, cosy —k, siny,k,siny +k, cosy,z)A™. (44)

X1 Ny

It is apparent that if kK, =0, G(3)(kx,ky,z) given in Eq. (44) represents the same straight-
crested plane wave as the 2D wavenumber domain Green’s function G(k, Z) does. Therefore,

the relation between the 3D and the 2D wavenumber domain Green’s functions can be written
as:

AG®(k, cosy,k,siny,z)A™ = G(k,z). (45)
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Such a relation makes it possible to calculate 3D guided wave fields excited by arbitrary surface
loadings based on 2D plane wave solutions.
To obtain the 3D Green’s function g(s)(x', Yy, Z) from G (k;, k;, ) one can use the inverse

2D spatial Fourier transform:

k!, 2)e X Y hk dk (46)

X1 y!

g?(x.y"2)

For the convenience of calculating circular-crested guided wave fields, Eq. (46) is transformed to
a cylindrical coordinate system as follow:

270

g®(r,p,2)= 12 j j G (k cosy,ksin y, 2™ )kdkdy . (47)
4

00

The cylindrical coordinate system (r,(p, Z) used in Eqg. (47) has the same origin and z axis as the
Cartesian coordinate system (X', y’, Z) does. The X' axis of the Cartesian coordinate system
corresponds to @ = 0 in the cylindrical coordinate system. The integration with respect to K in

Eqg. (47) can be evaluated using the residue theorem. On the basis of the residue theorem, the
integration with respect to K equals the summation of the residues of all poles of the complex

integrand G © (k cosy,ksiny,z )keikrcos(yf‘”) in the upper half K plane. Since the complex poles

correspond to the evanescent guided wave modes, the residues of them can be omitted for far
field solutions. Therefore, the far-field approximation of the integration with respect to k can
be written as the summation of the real poles that correspond to propagating guided wave
modes:

J'G (k cos y, ksin y, 2 )ke™ *U=)dk

0

~ ®) ; ikr cos(y—¢)

~ Zmz res{ (k cos y, ksin y, z kg™ e }h:kv(y) . (48)

B ZmZk o 7)reos(y—o res{G(3)(k cos y,ksiny, Z)}<k:k )

The far-field approximation of Eq. (47) then becomes:

() r 0,1 ZJGS 7’2)< }/)elk 7)r cos(y— (pd}/, (49)

g
with

G¥(y,2)=i res{G("“)(k cosy,ksiny,z) (7)}. (50)
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The method of stationary phase [Hayek 2001], an asymptotic method for integral evaluation, is
employed to calculate the integration with respect to angle ¥ in Eq. (49). The stationary phase

points of the integrand, y, (gp), are calculated from:

olk, (r)cos(y — o)l _

51
oy (51)
asymptotic representation of Eq. (49) can then be expressed as:
9(rp,2)= =3 e IGO0y, 2K, (7,) 27 inta
27 % SR e ()
ay* , (52)
| it (0 g ) 0, (7,.0)]
= —) "™ noGh ,Zk Rt A VAR )
o T 6,2 1) )
where
D, (7,0) =k, (r)cos(y — ). (53)

The 2D Green’s function g(X, Z) can be expressed as the inverse spatial Fourier transform of

G(k,z) as well:

o0

8(x.2)=— [G(K 2" dk. (54)

27

—00

residue theorem is also applicable to Eq. (54). The application of the theorem vyields:

g(x,z)=i) e res{G(k, Z) e } (55)

Comparing Eq. (55) to Eq. (39), one can get:

iresiGlk,2),, |-, (z)]Tw, (56)

144

The substitution of Eq. (45) and Eq. (56) into Eq. (50) provides us with:

62.2)= A [, (] 2 a 5

Eqg. (51), Eqg. (52), and Eq. (57) can now be used together to calculate the 3D Green’s function
g(a)(r,¢, Z). Once the 3D Green’s function g(s)(l’, o, Z) is known, the guided wave field excited
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by a surface loading source can be obtained from the convolution of the Green’s function with
the surface traction of the applied source.

Physical insights on the relation between angle 7, and ¢ defined by Eq. (51) can be gained by

1]
substituting K =— into the equation followed by some algebraic manipulations. The
C

manipulated equation becomes:

o=y, Jratzaln(C (7V)], (58)

c(7,)

where C' represents the derivative of phase velocity ¢ with respect to angle y . It is now clear

that the angle ¢ is the group velocity direction for the v th guided wave mode launched in the
7, direction. In other words, the skew effect of the v th guided wave mode makes angle ¢ as

the energy propagation direction when the wave launching direction is y, . For a certain angle
@ within the wave field, Eq. (52) summarizes the contributions of all of the wave modes whose
group/energy velocity directions lie in the direction of angle ¢. It has been shown in the

previous chapter that the skew angles can be evaluated based on the direction of the Poynting
vector. In this report, instead of applying numerical differentiation based on Eq. (51), the values

c'(7,)

c(7,)

of y, are determined based on Eq. (58) after replacing atan( j with the skew angle

calculated from Eq. (3).

To summarize, the guided wave field excited by a surface traction loading can be calculated as a

convolution of the 3D Green’s function g(s)(r,(p, Z) with the applied traction. To calculate the

value of g(3)(r,¢,z) for a certain angle ¢, it is first necessary to find the wave modes and

launching directions which have the group/energy propagation directions coincided with the
direction of angle ¢ . Eq. (58) and Eq. (3) serve as the basis to do that. As the second step, Eq.

(57) is applied to obtain the 3D function GY

v

(}/, Z) for each found wave mode and launching
angle using the corresponding 2D plane wave solutions. Eq. (52) is available for the final step of

calculating g(3)(r,g0, Z).

Based on the asymptotic Green’s function given in Eqg. (52), guided wave excitations in general
multilayer composite plates can be modeled for arbitrary surface source loadings. Convolutions
of the Green’s function and the loading distribution functions provide us with the excited guided
wave displacement fields. If a point source is applied, the convolution yields the Green’s
function itself multiplied by the magnitude of the point source loading.

Using an out-of-plane point source as an example, the out-of-plane displacement field of the
excited guided waves can be written as:
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u,(r,e 2)= Ag(r,¢,2), (59)

where A is the magnitude of the applied source loading. Eq. (59) is employed for studying the
case of applying the point source to the surface of an 8 layer quasi-isotropic composite plate.
The material properties and the lay-up sequence of the plate can be found in Chapter 2. The
magnitude of the applied source is 1 Newton. The time-history of the amplitude of the source is
described by a 5 cycle Hanning windowed tone-burst signal with a center frequency of 160kHz.
Notice that Eq. (59) is for single frequency only, such that Eq. (32) is needed for studying the
tone-burst loading. The surface out-of-plane displacement fields of different wave modes are
calculated for the time of 32us after the start of the tone-burst loading. The result for the mode
1is shown in Figure 16. It is demonstrated that the guided wave displacement field is not only of
amplitude differences in different directions but also of different propagation speeds.
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Figure 16: Out-of-plane guided wave displacement field of the mode 1 predicted by the
Green’s function for the case of a 1 Newton out-of-plane point source applied to the
center of the plate surface. The source is driven by a 5 cycle Hanning windowed tone-
burst signal with a center frequency of 160kHz. The field shown is for 32us after the start
of the tone-burst signal.

A FE model is built using the ABAQUS Explicit software package. Although the out-of-plane point
source itself is an axisymmetric loading, due to the material anisotropy, the guided wave
excitation is not axisymmetric. As a result, a 3D model instead of the axisymmetric models as
used for the isotropic plates is employed. A square plate with 0.1m width is built. The plate is
partitioned to 8 layers across the plate thickness. The fiber orientations of the plate are
represented by assigning different material orientations to different partitions. The element size
used to mesh all of the partitions is 0.5mm and hence results 320,000 elements. Figure 17
presents a corner of the meshed composite plate. The 0 degree fiber direction is at the x-axis
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direction. The same out-of-plane point loading as used for the Green’s function calculation is
applied to the center of the plate surface. The out-of-plane displacement obtained in the FE
analysis is shown in Figure 18 for the time of 32us after the start of the tone-burst signal.

]

et

Z

s

Figure 17: Meshed 8 layer quasi-isotropic composite plate in ABAQUS.

The FE modeling result shown in Figure 18 contains the contributions of all possible guided wave
modes. However, it can be directly compared to the displacement field of the mode 1 given in
Figure 16 based on the fact that the excitabilities of the other two propagating modes (the
modes 2 and 3) are much smaller than the mode 1 excitability. The excitability differences are
illustrated in Figure 19 by plotting the out-of-plane excitabilities of all three propagating modes
for the center frequency against the wave launching directions. It is demonstrated that the out-
of-plane displacements of the modes 2 and 3 are neglectable as compared to mode 1.

By comparing Figure 18 to Figure 16, one can see that there is a good agreement between the
FE modeling result and the closed form calculation, especially on the displacement amplitude
distributions with respect to the wave propagation directions. Relative high displacement
amplitudes are observed for the directions around 0, 180, 72, and 252 degrees in both the FE
modeling result and the closed form calculation. The maximum and minimum displacement
values in the FE modeling result are 10.87nm and -11nm, respectively. Whereas in the closed
form calculation result, the maximum and minimum displacement values are 10.78nm and -
10.83nm, respectively. Quantitative comparison between the closed form calculation and the FE
model is conducted for the out-of-plane displacement distributions from the center of the plate
to the plate edge along the 90° direction. The result is presented in Figure 20. As can be seen,
there is a very good agreement between the closed form calculation and the FE model. The
minor discrepancies on the appearances of the out-of-plane displacement fields shown in Figure
16 and Figure 18 are introduced by the small differences in the color scales that are used for the
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FE modeling result and the image calculated using the closed form solution. Therefore, the
validity of the closed form solution derived based on the Green’s function is verified by the FE
modeling result.

U, w3
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Figure 18: Out-of-plane displacement obtained by FE modeling for the case of applying
an out-of-plane point source to the surface of an 8 layer composite plate. The source is
driven by a 1 Newton 5 cycle Hanning windowed tone-burst signal with a center
frequency of 160kHz. The field shown is for 32us after the start of the tone-burst signal.
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Figure 19: Out-of-plane excitabilities of different modes at frequency 160kHz for
different wave launching directions. Note that the excitabilities of the modes 2 and 3 are
much smaller than the excitability of mode 1.
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Figure 20: Comparison between the theoretical closed form calculation and the FE
modeling result on the out-of-plane displacement distributions from the center of the
plate to the plate edge along the 90° direction.

With the Green’s function, guided wave excitations by SHM sensors can be predicted if the
loadings applied by the sensors are known. It is possible to implement the guided wave
excitation studies into the sensor design such that guided wave mode selections for specific
inspection requirements can be realized.

Skew angle based composite inspection method

It has been shown that the anisotropy of the composite materials introduces wave skew effects
upon which the energy propagation direction does not necessarily coincide with the wave
launching direction. Apparently, the wave skew effects need to be taken into consideration
when utilizing guided waves for composite inspections. In general, the guided wave skew effects
are considered undesirable in guided wave inspections. To avoid them, wave propagation in the
material symmetric directions or guided wave modes and frequencies that are almost immune
to the material anisotropy (referred as quasi-isotropic mode points in [Yan 2007]) must be
selected. In this the method proposed here, by contrast, we propose to take advantage of the
guided wave skew effects instead of avoiding them in composite plate inspections. By choosing
guided wave modes and frequencies to obtain different skew angles, the guided wave energies
are sent into different directions in a composite plate to look for defects while the wave
launching direction remains unchanged.

Comb type transducers are an effective means of guided wave mode selection [Quarry 1997], [Li
2001a)]. The wavelength of the guided waves to be excited can be controlled by the element
spacing of the comb transducers. The distributions of the comb elements can also be designed
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to achieve guided wave cancellation [Cawley 2000]. Moreover, it has been demonstrated that by
applying time delays to the comb elements, it is possible to conduct guided wave mode tunings
in a controlled fashion [Li 2001b]. In this project, time delay comb transducers are employed in
the guided wave mode selection method. Since different skew angles can be obtained by
applying different time delays and excitation signals to the time delay transducers, the scan of
the composite plate can be carried out fully electronically.

Due to material anisotropy, the phase velocity dispersion curves of a composite plate vary with
the wave launching direction. Using the 8 layer quasi-isotropic composite plate as an example,
the phase velocity dispersion curves of the plate for the wave launching directions 0° and 30°
are shown in Figure 21 (a) and (b), respectively. The angle of the wave launching direction is
defined by the angle between the direction of the 0 degree fibers and the wave launching
direction. As demonstrated, the phase velocity dispersion curves are different from one wave
launching direction to the other. It is also shown that different wave modes and frequencies
bear different phase velocity variations. As a result, there is a unique slowness curve for each
point of the phase velocity dispersion curves. Skew angles, the angles from the wave launching
directions to the wave energy propagation directions, can be studied using slowness curves
based on the fact that the energy propagation directions are always perpendicular to the
slowness curves [Rose 1999]. The slowness curve of mode 3 at frequency 750 kHz is presented
in Figure 22. The energy propagation directions for the 0° and 180° wave launching directions
are determined and marked with black arrows in the figure as well. The energy propagation
directions for the two wave launching directions, as can be seen, are of opposite values. As a
result, if there is a defect in the path of the energy propagation when sending the guided wave
to the 0° direction, the reflected guided wave with its wave launching direction in the 180°
direction, will propagate back to the wave sending position. It is not hard to find out from the
slowness curve that such a scenario is always true for any other wave launching directions.
Therefore, it is possible to inspect the composite plate in different directions by exciting guided
waves with different skew angles, without changing the wave launching direction.
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Figure 21: Phase velocity dispersion curves of an 8 layer quasi-isotropic composite plate. The wave launching
directions are (a) 0° and (b) 30°.
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Figure 22: Slowness curve of mode 3 at 750 kHz. The energy propagation directions for the 0° and 180°
wave launching directions are marked with black arrows.

To facilitate the idea of using time delay comb transducers for guided wave mode selection, the
source influence investigation on the comb type loading is necessary. A schematic drawing of a
time delay comb transducer placed on a plate is shown in Figure 23. The width of each element
is a and the element spacing is d. The time delay profile applied to the comb transducer is an
arithmetic time delay sequence ranging from 0 to (N —1)T in an increment step of 7. The time

delays are respectively applied to the N elements from left to right in the +x direction, as
illustrated in Figure 23.
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Figure 23: lllustration of a time delay comb transducer placed on a plate.

The normal mode expansion technique based source influence studies suggests that the guided
wave excitation can be considered as a combination of the guided wave excitability, which is the
intrinsic characteristic of the guided wave mode, and the excitation spectrum determined by the
properties of the applied source. For the time delay comb transducer shown in Figure 23, the
excitation spectrum for the waves that propagate in the +X direction can be calculated as [Hay
2004]:

E(k, o) = |sin(ka/ 2) sin((kd — @z )N /2) sin[(@ - @, )m/2a)0]|' (60)

| k/2 sin(kd —07)/2)  (0-a,)l2

where K is the wavenumber, @ is the circular frequency, N denotes the number of elements of
the comb transducer, @, denotes the center frequency of the tone-burst signal that is applied
to the comb transducer as the excitation signal, and m represents the number of cycles of the

tone-burst signal. The excitation spectrum for the waves that propagate in the —x direction can
be obtained by simply replacing the time delay 7 in equation (1) with — 7 :

_[sin(ka/2) sin((kd + @z)N / 2) sin[(@ — @, )n / 29, 1)
| k/2 sin((kd +07)/2)  (@0-@y)l2 |

E'(k, )

Obviously, the excitation spectrums for the waves traveling to the opposite directions are
different unless 7 = 0. If no time delays are applied, i.e., 7 =0, the excitation spectrums are
the same for both wave propagation directions and thus yield a bi-directional wave excitation.
This bi-directional wave excitation of the conventional comb transducers is often considered
undesired in guided wave inspections. With time delays, however, the excitation spectrums
described by Eqgs. (60) and (61) are different such that one directional wave excitation is
possible.

The excitation spectrums for a 5 element time delay comb transducer are calculated using Egs.
(60) and (61) and given in Figure 24(a) and (b), respectively. The element width of the
transducer is 4.22 mm and the element spacing d is 8.44 mm. The value 7 used in the
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calculations is 0.14us and the tone-burst signal is an 8 cycle 600 kHz tone-burst. As can be seen,
a very good excitation of mode 3 is achieved for the —X wave propagation direction. Whereas for
the +X direction, the wave excitation is much weaker.
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Figure 24: Excitation spectrums for a 5 element time delay comb transducer showing that the
guided wave excitation for the —x wave propagation direction is stronger than for the +x wave
propagation direction.

The guided wave excitation and propagation in the 8 layer composite plate has been studied
using finite element analysis. The commercial finite element software package: Abaqus Explicit
is employed to carry out the analysis. Figure 25 presents the finite element modeling (FEM)
results for a time delay comb transducer loading on the 8 layer composite plate. The geometry,
time delay profile, and the excitation tone-burst signal of the comb transducer used in the FEM
analysis are the same as the ones used to generate the excitation spectrums shown in Figure 24.

As can be seen from Figure 25(a), the wave excitation of the guided wave that travels towards
left is much stronger than the wave excitation of the right propagating guided wave. This
matches the prediction that is made based on the excitation spectrums. Figure 25(b) shows the
guided wave field after the waves being reflected back from the plate edges. It is interesting to
see that the reflected wave energy follows the incident path and goes back to the transducer
position.

The skew angle calculation for the 8 layer composite plate shows that the skew angle of mode 3
at frequency 600 kHz for the 180° wave launching direction is -17.28°. The skew angle that can
be observed from the wave propagating towards left does agree with the calculated value.
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(a) (b)

Figure 25: Guided wave fields excited by the time delay comb transducer in the 8 layer
composite plate, (a) before hitting the plate edges, (b) after being reflected by the plate edges.
Notice that the wave excitation is stronger for the left propagation wave. Besides, the wave
energy goes back to the transducer position after being reflected by the plate edges.

The feasibility of sending guided wave energy to different directions for inspection purposes by
selecting wave modes and frequencies with different skew angles has also been investigated
experimentally. In the experiment, two 5 element comb transducers produced by KrautKramer
(now GE Inspection) were used in the experiment under the pitch-catch mode. The element
width and spacing of the transducers are 4.22 mm and 8.44 mm, respectively. In the pitch-catch
mode, the signals received by the elements of the receiver were delayed and summed in a post-
processing fashion. The time delays used for the received signals are the same as the ones
applied to the elements of the transmitter. The transmitter is fixed in the experiment to ensure
a 0° wave launching direction, while the receiver is moved step by step in the direction that is
perpendicular to the wave launching direction. The guided wave signals are recorded for every
positions of the receiver. Since the angles offset from the wave launching direction can be
calculated for the receiver positions, the skew angle of the guided wave can be determined as
the offset angle at which the maximum wave amplitude is received.

A 16 layer quasi-isotropic plate with lay-up sequence [(0/45/90/-45)s], is used in the experiment.
The phase velocity dispersion curves of the plate are presented in Figure 26(a). The skew angles
are calculated for every point in the phase velocity dispersion curves and then plotted as skew
angle dispersion curves in Figure 26(b). The wave launching direction is 0°. Based on Eq. (60), the
time delay profile and excitation signal for selecting a certain mode and frequency can be
obtained. The excitation signals used in the experiment are 8 cycle tone-burst signals. The time
delay profiles described by the 7 values and the center frequencies of the tone-burst signals
used in the experiment are given in Table 2. The corresponding skew angles predicted from the
skew angle dispersion curves and the measured skew angles are given in the table, too.
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Figure 26: Phase velocity dispersion curves and skew angle dispersion curves of the 16 layer
composite plate for the 0° wave launching direction.

Table 2 Skew angle measurement results

Frequency (kHz) Time delay 7 (us) Calculated skew angle Measured skew angle
(degree) (degree)
650 2.88 -8.54 -8.34
600 0.6 0.134 2.30
700 0.84 7.47 6.84
750 0.84 8.76 8.34

Comparing the theoretically predicted skew angles with the measured results, one can see that
they match quite well. The small discrepancies can be attributed to the inconsistency of the
transducer coupling conditions. Since the measured skew angles indicate the optimum positions
of the receiver for receiving the guided wave signals, the experiment also proves that the guided
wave energy can be sent into different directions by choosing guided wave modes and
frequencies with different skew angles. It is hence possible to scan the composite plate in
different directions without rotating the transducer. This is in particular of practical value for
SHM applications.

Guided wave tomography using annular array transducers

Annular array transducer design and fabrication

The sensors readily available for SHM applications (for example, PWAS sensors) do not provide
good control on guided wave mode-frequency selections. Consequently, phased array beam
forming may suffer from the influence of unwanted wave modes. Earlier work attempted to
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reduce this interference by appropriately selecting the transducer dimensions which can
predominantly generate a single mode. The source influence of the transducer results in one
mode getting strongly excited while significantly weakening the other modes. However this
concept can be used only at low frequencies where there are relatively few modes, otherwise,
the transducer selection process becomes very cumbersome. This problem can be overcome by
designing transducers that can have mode and frequency control.

Annular array transducers are a class of comb transducers that can generate a desired mode at a
desired frequency. They have an array of elements each conveniently spaced at the wavelength
that needs to be excited. Fig. 27 shows the excitation line (wavelength) of an annular array
sensor design for an aluminum plate. Annular arrays being symmetric have a similar behavior as
a PWAS sensor with an additional advantage in the form of desired mode excitation.

1% thinck aluminum piale
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| \ X
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| =

Fig. 27: Dispersion curves of a 1/16" inch aluminum plate exciting AO mode at 350 kHz

Finite element model analysis is extensively used to arrive at optimum geometry for the annular
arrays to excite a desired wave mode. Models were built in ABAQUS explicit software package.
To demonstrate the needs of annular array transducers for better guided wave mode control,
two FEM models were constructed to compare the guided wave excitations in a composite plate
using a disk transducer and an annular array transducer.
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Fig.28: Finite element model of a 200 mm x 200 mm x 1.6 mm 8 layered composite, the ply stack and their
orientation can be seen

For the disk transducer model, pressure loading was applied on the composite plate to simulate
a piezoelectric disk transducer. Fig.28 shows the 8 layered quasi isotropic plate being modeled.
The ply stack and their orientation can be seen in the figure. The resultant U1l displacement at
the measurement point on the structure is shown in Fig. 29. It can be noticed that there were
multiple modes excited at this frequency when using the disk transducer. In other words, for the
given frequency, the mode control of the disk transducer was poor.
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Fig.29: U1 displacement at a point in the structure generated by a disk transducer loading. Multiple wave
modes were observed. The mode control of the disk transducer was poor.

An annular array transducer was modeled in a similar fashion. Fig. 30 shows the geometry of the
model that was built to estimate the displacement field of an annular array design. A 3D
aluminum plate is modeled with an annular array, the annular array is designed to excite AO
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mode at 350 kHz with a wavelength of A=5.7 mm. The displacement is recorded at a distance
80 mm from the array center. It can be noted in the U3 displacement shown in Fig. 31 that there
was only one mode propagating in the structure. The symmetry of the annular array leads to a
forward and a backward mode being generated, however they were the same mode. As will be
discussed later, this bi-directional wave excitation can be suppressed when applying time delays
to the annular array elements.

Fig 30: Annular array simulation on plate like structure in ABAQUS
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Fig 31: FEM simulation of AO mode generation at 350 Khz in 1/16™ inch aluminum plate with annular
arrays

Annular arrays with the desired electrode spacing can be manufactured by patterning the
electrodes on top of a piezoelectric substitute as shown in Fig. 32. Generally, the electrode is
patterned on top of a printed circuit board (PCB) and glued to the piezoelectric substitute.
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Fig. 32: Configuration of a typical annular array transducer

The commonly used material for the piezoelectric substitute is PVDF. As a polymer, PVDF can
conform to any surface and can be readily glued down on any structure. The low
electromechanical coupling coefficient of PVDF (k;~0.2) makes it a weak actuator. And its signal
to noise ratio is very poor on structures like composites. Hence designing a piezoelectric
material that can perform significantly well on composite structures is critical. Table.3 shows the
material properties of different piezoelectric materials. It can be noticed that the planar
coupling of PVDF is negligible while that of PZT is high. Modified lead titanate, owing to its high
electromechanical anisotropy, has neglectable planar coupling. This property of modified lead
titanate can be conveniently used in applications where only normal coupling is desired, such as
in the case of annular arrays where lateral coupling between the array elements is not desired.

Table.3: Piezoelectric properties of materials tested

PVDF PZT 402 Modified Lead Titanate (MPT)
Planar ~0 0.33 ~0
coupling (kp)
thickness 0.19 0.513 0.52
coupling (k33)
Dielectric 8.4 1250 200
Constant
(er/e0)

Annular array sensors design is based on the premise that there is no lateral coupling between
the array elements. 1-3 piezocomposites are made by dicing a monolithic ceramic like PZT or
MPT and filling it with epoxy; the dicing reduces the lateral coupling and increases the thickness
coupling. The polymer filled ceramic now has reduced impedance, higher bandwidth. Fig.16
shows the picture of a piezo-composite made by dicing and filling with polymer. A 1mm thick
MPT ceramic is taken and diced into 1 mm x 1 mm x 0.9 mm sections which is then filled with a
soft epoxy like the epotek 301. The remaining ceramic at the bottom is grinded out. Once
grinded, the 1-3 piezo-composite is ready to be coated with electrodes and used as a
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transducer. Sputter deposition is normally used to coat the electrode of interest. We coated this
composite with 500A chrome and 1500A of gold.

Fig. 33: A 1-3 piezo-composite made from dicing a ceramic and filling with polymer

The detailed manufacturing process of these 1-3 piezo-composites is described in Fig. 33.

Dice the ceramic and fill with Grind the ceramic to make 1-3 [I]]]]]]]]]]]]]]

epoxy piezocomposite I I I I I
ﬂﬂ ﬂ ﬂ Chrome/Gold electrode deposition

Photoresist layer coating Expose the Develop and Etch Annular array pattern on
Photoresist the silver electrode the top surface

(not important, last priority)
Fig 34: The detailed manufacturing process of the 1-3 piezo-composites

The dimensions of the ceramic pillars in the 1-3 composites are chosen such that the lateral
resonant frequency between the pillars is sufficiently away from the frequency range of interest
for which the transducer is being designed. The mode coupling theory can be used to compute
the different resonant frequencies for a given material and dimensions.

FO—[F2@+p)+ f21F% + £22(0+ 7 —2a%) =0
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Fig. 35: Pillar shaped element inside 1-3 piezo-composite

Modified lead titanate (MPT) and PZT 402 can be used to fabricate 1-3 piezocomposite. PZT 402
has a high thickness and planar coupling coefficients, hence the resulting piezo-composites
should have low aspect ratios (L/H ~ 0.2). MPT has a very high degree of electromechanical
anisotropy due to which its planar coupling is neglible (kp ~0) and a high thickness coupling
factor (kt = 0.52). This unique property of MPT allows for high aspect ratio composites (L/H >1)
which can be exploited for SHM applications. High aspect ratios result in reduced cost of
manufacturing and lead time which is very much desirable in SHM applications owing to the
large number of transducers used.

Finite element modeling can be used to mode the piezocomposite vibration. Steady state
frequency response was used to visualize the vibration patterns of a representative volume
element. Fig. 36 shows the representative volume element of an MPT composite and its
vibrations at the thickness resonance.
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Fig.36: Representative volume element of a 1mm thick 1-3 MPT composite and vibration pattern at

thickness resonance

The simulated impedance plots of the 1-3 MPT composite can be seen in Fig. 37.
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Fig. 37: Impedance plots of a Imm thick 1-3 MPT composite with aspect ratio 0.7

Flexible 1-3 MPT composites have been designed with high aspect ratios (L/H =5) and a
thickness around 500 um. The epoxy in this composite (~40 %) gives it a certain degree of
flexibility allowing it to conform to any surface. The detail manufacturing process is shown in Fig.
38. The annular array electrode is designed for a wavelength of A=3.1 mm, photolithography
techniques are used to etch a copper coated mylar film into the desired electrode pattern.
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Fig. 38: The ceramic is diced, filled with epoxy and grinded to the desired thickness. The electrodes are
bonded to the top and bottom surface of the piezo-composite

An experimental comparison of the pulse-echo signals from a PWAS sensor and the designed
annular array transducer at 1 MHz on a 1/16™ inch thick aluminum plate is shown in Fig. 39. It
can be seen that the signal to noise ratio improvement is significant when using annular array
transducers.
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Fig. 39: Comparison of signals from PWAS and annular array designed on a 1/16" inch aluminum plate,
showing that the annular array transducer produces much higher signal to noise ratio.
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Proof-of-concept delamination detection experiment using annular
arrays

Delamination detection in composite plates is a very challenging problem. Designing the right
transducer can help selecting the right guided wave mode-frequency combination for an
optimal sensitivity to delamination defects. A proof-of-concept experiment was performed on
adhesively bonded aluminum plates. The delamination was simulated by placing Teflon inserts
between the aluminum and the adhesive. An isotropic aluminum-epoxy-aluminum bond is
made. The mode selection criterion for the transducer design followed the work discussed in the
previous report. The mode with very high concentration of interfacial shear stress was ideal for
delamination detection. Hence one such point in the dispersion space at 2 MHz of mode 9 was
identified. Its wave structure is shown in Fig. 40. The transducer is a 1-3 peizocomposite made
from MPT, it is 15 mm in diameter with Chrome/Gold electrodes. An aspect ratio (L/H) of 1 is
used in the 1-3 composite design. The annular array is fabricated using the photolithography
techniques described above, the array element dimensions can be seen table.4. The annular
array is designed for the wavelength of mode 9 at 2 MHz, A = 3.1 mm, hence the separation

between successive rings is 3.1 mm.

Table.4: Annular array dimensions

Element Number

Inner Radius (r;) (mm)

Outer Radius (r,) (mm)

1 0 1.3
2 2.85 4.40
3 5.95 7.5

Thickness (mmj)

. Wave Structure @@= 2 Mhz, Cp=0.2 mmius
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Fig. 40: Wave structure of the mode with high interfacial shear stress used for delamination detection
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Defective region

Fig. 41: 1-3 MPT composites designed with appropriate annular array electrodes for delamination
detection
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Fig. 42: Delamination detection in bonded plates with the designed annular arrays with and without the
defect
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The signals obtained using the annular array transducers for a defect free wave path and a path
that went through the defect region are shown in Fig. 42. Through the defect free region two
modes namely mode 9 and mode 11 get excite due to their proximity in phase and group
velocities. Hence two wave packets can be seen in the signal. From Fig. 42, it can also be noticed
that there was a considerable change in the guided wave characteristics through the defective
region. Mode conversion took place when the wave packet passed through the defective region.
Mode 9 which was very sensitive to interfacial defects scattered and converted into mode 11.
Such an experiment demonstrated the feasibility of selecting appropriate guided wave mode-
frequencies to achieve a good sensitivity to delamination type defects. In the future, we will
extend our work to fiber reinforced composite structures.

An example application of annular array tomography

Guided wave tomography for structural health monitoring is fast emerging as a reliable tool for
the detection and monitoring of hotspots in a structure, for any defects arising from corrosion,
delamination, crack growth etc. To date guided wave tomography has been successfully tested
on aircraft wings, pipes, pipe elbows, and weld joints. Structures practically deployed are
subjected to harsh environments like exposure to rain, changes in temperature and humidity. A
reliable tomography system should take into account these environmental factors to avoid false
alarms. The lack of mode control with piezoceramic disk sensors makes it very sensitive to traces
of water leading to false alarms. In this study we explored the design of annular array sensors to
provide mode control for improved structural tomography, in particular, addressing the false
alarm potential of water loading.

Theoretically there can exist infinite wave modes in a given wave guide for an applied excitation,
but few modes tend to dominate the wave propagation in the structure depending on factors
like frequency, loading, etc. Piezoelectric disk sensors are typically used for structural health
monitoring. Their low cost of manufacturing and the ease with which they can be deployed
permanently on a structure makes them ideally suitable for SHM applications. However,
piezoelectric disk sensors have limited mode selection capability. With multiple modes being
excited, the presence of different modes with different wave structures makes it more difficult
to differentiate a real defect from a false alarm. In practically deployed structures, the
environmental interaction of the sensors can profoundly influence the measurements. External
environmental conditions like water loading or soil loading have an effect on the Lamb wave
propagation which can be construed as a defect leading to a false alarm. As an example, the
piezoelectric disk sensors with a resonant frequency of 350 kHz are mounted on a thin
aluminum plate (1/16 inch thick) which is typically found in aerospace structures. At 350 kHz the
sensors can excite AO and SO modes in the plate. Figure 43 shows the disk sensor readily
detecting a corrosion defect on the structure. Adding some water droplets onto the structure to
simulate water loading on practical structures leads to a tomogram as shown in Figure 43 as well.
The false alarm from the tomogram exposes the vulnerabilities of the current approach to
guided wave SHM. The presence of AO mode with a predominate out of plane displacement on
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the plate surface makes it very sensitive to water loading and results in the false alarm. Hence it
is desirable to design sensors that can control the wave modes propagating in the structure.

To overcome the problem of false alarms under water loading conditions, annular array sensors
were designed to dominantly excite a point at the dispersion curves with zero out-of-plane
displacement in the plate surface. For the 1/16 inch thick aluminum plate, the S1 mode has zero
out-of-plane displacements at 2.4 MHz. The wavelength of the S1 mode at 2.4 MHz was used to
design the annular array sensors. The designed sensors were tested on the 1/16 inch thick
aluminum plate. Eight sensors were bounded permanently on the aluminum plate into a 9 inch
diameter circular array. The sensors were used to continuously monitor for defects that arise
over time. A baseline data set was collected in this reference configuration. A corrosion damage
of 1 inch diameter was simulated using salt water. The corrosion process was accelerated using
a battery. Figure 45a shows the corroded area with a thickness loss of 6%. The data were
collected with the sensors in a through-transmission mode with one sensor acting as the
transmitter while the rest of the sensors served as receivers. The process was repeated between
all the sensors. The corroded area was in the line of sight of the sensor pair 2 and 6. Figure 44
shows the received signal between sensors 2 and 6 with and without the presence of water
showing the minimal effects of water loading on S1 mode. The tomogram obtained by the
annular array sensors at 2.4 MHz demonstrated a remarkable improvement in the ability to
distinguish a real corrosion defect from any other water traces on the structure. Figure 45b
shows the tomogram of the structure and figure 45c shows the tomogram after false color
filtering with only the corrosion defect and no traces of water seen. The example experiment
presented here therefore shows the importance of using annular array mode and frequency
control for guided wave applications.
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Figure 43. Guided wave tomography images obtained using PZT disk sensors.
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Figure 44. The received signal between sensors 2 and 6 after corrosion with and without the
presence of water.
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Figure 45. (a) 8 annular array sensors monitoring an aluminum plate with a corrosion defect and
traces of water, (b) the resulting tomogram (c) the tomogram obtained showing only the
corrosion defect after false color filtering (the water influence was minimal).

Phased Annular Array Transducer Design

Time delay comb transducers are an effective means for guided wave mode selections. The
wavelength of the guided waves can be controlled by adjusting the time delay between
successive elements. Annular arrays used for mode control are usually large in size due to the
multiple rings and large wavelengths. This large transducer size is undesirable in applications like
phased array where ideally one would like a point size transducer. Hence, designing an annular
array which can control the propagating mode in the structure, at the same time having a small
footprint is desired. Phased annular arrays are the candidate to fulfill those requirements.
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Phased annular array transducers differ from comb transducers in the fact that the elements are
circularly symmetric and can generate omni-directional guided waves. Figure 46 shows three
annular array elements mounted on a structure, each element can be excited with unique
amplitude and phase. By varying the amplitude and phase it is possible to control the guided
wave mode generated in the structure. Due to the infinite possibilities of amplitude and phase
combinations the optimum parameters need to be found. Using energy of the excited modes as
a parameter it is enough if we can find parameters that can suppress the unwanted modes while
maximizing the mode of interest (Glushkov, Glushkova et al. 2006; Glushkov and et al. 2010).
Earlier work by (Glushkov and et al. 2010) set up the mathematical problem for loading assumed
to be radially symmetric in-plane loading and found out coefficients and time delays for
controlled mode generation. However, designing such as an actuator is practically very difficult.
In this section, we set up the mathematical problem for uniform pressure type loading on the
surface and derive the appropriate parameters for uni-modal generation.

z ﬁ‘E‘"

Figure 46: Three annular array elements mounted on a structure

The general expression for far field displacement in the structure due to an arbitrary loading was
discussed in the above sections. The displacement due to the annular array actuator with M
array elements can be written as

1 i
u(r,e,q) = 722 E, (¢,2V,Q, (k,,7,)e " " (62)

Here y, is the wave vector launch angle with contributions in the ¢ direction and mis the

array element number,Vm is the excitation of the element ‘m’.

For the m™ element annular loading, the loading function can be approximated as a constant

normal stress (7, ) with components only along the z-direction.

4, =(0,0,0,,)" (63)
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The spatial Fourier transform of the annular loading is

Q,(k)=(0,0,Q,,) (64)
Qur (K) = 2774 [ 8, (13, ()G (65
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Selective Radiation

The maximization of a set of a particular mode at a frequency can be set up as a maximization
problem in which the desired mode energy has to be maximized among all the modes in the
structure. If there N modes at the frequency of interest, let the modes to be maximized be
represented by the set H while minimizing the rest of the modes. Using the total energy
associated with a mode propagating in the structure we can set up an optimization problem.
The driving parameters needed to optimally generate the modes of interest can be expressed as
a solution to this maximization problem. Let EN denote the energy associated with a guided

wave mode in the structure, the parameters (\7(t) ) maximizing A(\i(t)) in Equation (66) should
be found.

> EN,(V (1)

AQV (1)) = ~<H . (66)
V) D EN, V(1))

keN/H

The total power entering the structure due to the actuator can be written as

EN ()" :l]'d—Edt =~ 2im[(d.7,)ds 67)
© T dt 2 T
0 M ~
END :zwlm_[(l](r,O),Zdem(r))rdr (68)
0 m=1

The integral can be rewritten in terms of its Fourier transform using Parseval’s identity as in
Equation (69) which can be written as Equation (70)

EN/ =ﬂa)ImT(G(k,O)iVmQ(k),iVmQ(k))kdk (69)
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zzau ivj _(AV V) (70)

i=1 j=1

Q;(k,)Q;(k,)k, (71)

k=k

v

al = % Res(G(k,0))

The total energy radiation associated with the mode during the whole time period is

E, ZETE“(w)dw = Eiir’ag (@, (@), (0)do (72)
T 0 - 0

i=1 j=1

Bl

For guided wave mode generation usually tone-burst type excitation is used in which majority of
the energy is concentrated at a single frequency, hence the energy associated with a mode can
be approximated as

M M

E,(0,) =23 8 @,V @,V (@,) 73

i=1 j=1

The driving parameters
V(@) = [ A f(t=t,)edt = A e T (0)= e, () f, (@)  (79)
tm

For a tone burst excitation majority of the energy is concentrated at the center frequency and
hence the energy parameter can be approximated as

f (a))‘2 dw (75)

200
E (w) =
%

Hence the equation can be rewritten as

(A e; were A= ZAk(a)) B= ZAk(a)) (76)

( keH keN/H

Ale) =

The maximum of A(e) occurs when

OA
—=0,were e=(g,,8,,...,8, ) 77)
e
Hence the maximum occurs for the driving parameters satisfying

(A-AB)e=0 (78)
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If det(B) # 0 then the eigen vector corresponding to the maximum eigen value gives the
optimum driving parameters. If det(B) =0 then the eigen vector corresponding to the eigen

values, 4, =0 provide full damping of the undesired radiation. In this case the maximizing

parameters for (Ae,€,) is to be searched as a linear combination of the eigen vectors damping

the undesired radiation which can be expressed as in Equation (79)
ko
e, = Y C.& ,with e | =1 (79)
k=1

The new maximization problem reduces to the search for the coefficients

vectorC:(Cl,Cz,....,Cn). This modified problem can be written as in the similar form as

Equation (80).

A’ =(a]), a; = (Ae;,g) for i, j=12,..k, (80)

jri
B° :(bi?)/ bi? :(ej’ei)

The matrix Bobeing a grammian of the linearly independent eigen vectors, the maximization
problem reduces to

(A°-A)e, =0 (81)

The eigen vector corresponding to the maximum eigen value €, is taken and the corresponding

coefficient vector is calculated to obtain the optimum driving parameters. The amplitude and
time delay necessary for each element can be calculated as

A, =len| (82)
t,=arg(e,/aw,),if 0<arg(e,)<~

t, =r+arg(e,/w,),if —r <arg(e,) <0 (83)

Numerical Simulations

Using the analytical expressions for far field radiation of guided wave modes, it is possible to
simulate the guided wave mode propagation in the structure. A four element annular array is
simulated on an aluminum structure of thickness 3.2 mm. The array dimensions are given in
Table 5. The array is actuated with a tone burst at a frequency of 500 KHz.
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Table 5. Numerically calculated amplitude and time delays at 500 KHz for unimodal guided wave
generation in an aluminum plate

Element A0 Mode SO mode
Amplitude Time delay (us) Amplitude Time delay (us)
1 0.6341 1 0.2238 1
2 0.7292 0 0.3332 0
3 0.1972 1 0.1005 1
4 0.1651 0 0.9104 0

The waveform in the structure with these excitation coefficients can be calculated analytically.

With no amplitude and time delay on the array elements the out-plane displacement at a

distance 600 mm from the center can be seen in Figure 47 showing both the A0 and SO modes.

With amplitude and time delay control at each element, Figure 48 shows the waveforms with

one showing selective AO mode excitation and the other showing selective SO mode excitation.
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Figure 47: Out-plane displacement in an aluminum plate at a distance of 600 mm due to the

annular array with no amplitude and mode control
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Figure 48: A 50 cycle tone burst excitation with amplitude and time delay parameters to
maximize the AO mode and suppress SO mode
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Figure 49: A 50 cycle tone burst excitation with amplitude and time delay parameters to
maximize SO mode and suppress A0 mode



Piezocomposite based Phased annular array transducers

A typical piezoelectric transducer has a piezocomposite or piezoceramic material, with a
matching front layer and a lossy backing. These designs are commonly used in the manufacture
of transducers for medical technology and NDT. Figure 50 shows the schematic of a transducer.
The piezocomposite disk is sandwiched between a lossy backing and a matching front layer, two
electrodes at the top and the bottom are used to apply a sinusoidal voltage.

|__— Matching Layer

Piezoelectric
material

A

Lossy Backing

Figure 50: Schematic of a transducer

1-3 Piezocomposite transducers have significantly lower impedance than ceramic material, the
typical acoustic impedance of a 1-3 peizocomposite is around 15 MRayl. The impedance of
water is around 1.5 MRayl and necessitates a matching layer for efficient transducer operation.
For materials like aluminum and fiber reinforced composite with acoustic impedances of around
17 MRayl and 10 MRayl respectively, the matching layer can be optional. The bandwidth of the
transducer can be improved by using a lossy backing with approximately the same impedance as
the active material. Tungsten filled epoxy is the commonly used backing material which takes
advantage of the lossy wave propagation in epoxy and the high acoustic impedance of tungsten,
by mixing them in an appropriate ratio backing material of high impedance can be made
(Grewe, Gururaja et al. 1990). The desired acoustic impedance of the front matching layer can
be found from Equation (84) [Desilets, Fraser et al. 1978].

VA .7z

front — ceL

84

Where, Z, —Acoustic impedance of piezomaterial , Z;- Acoustic impedance of the Load

For array transducers similar fabrication methodology can be employed, for annular array
transducer fabrication we can take advantage of the low lateral coupling in the 1-3
peizocomposites and just pattern the electrodes into a desired shape. The desired electrodes
can be patterned using lithography techniques. Figure 51 shows a 1-3 PZT-5A fiber composite
with center frequency at 500 KHz and the electrodes etched to have four elements numbered
from inside to outside. Table 6 shows the dimensions of the array transducer.
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Figure 51: A 500 KHz 1-3 Piezofiber composite annular array

Table 6: The dimensions of annular array elements in the transducer

Element Number Inner Radius (r;) Outer radius (r,)
(mm) (mm)
1 0.5 15
2 2.5 3.5
3 45 55
4 6.5 7.5

The transducer is fabricated keeping the width of the annular ring constant which results in
increasing area for the outer rings. An apodization factor can be used to keep the impedance
uniform across the array elements. The cross talk between the array elements in the transducer
can be experimentally determined using phase-gain analysis. An impedance analyzer is used to
measure the cross-talk between the adjacent elements in the piezofiber composite. From Figure
52 and 53 it can be seen that at the thickness resonant frequency of the composites the
maximum cross-talk occurs which is sufficiently low at -25 dB between elements 1 and 2, -30 dB
between elements 1 and 3.
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Figure 52: Crosstalk measurement between array elements 1 and 2
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Figure 53: Crosstalk measurement between array elements 1 and 3

The impedance of each array element can be measured using an impedance analyzer, the
impedance plots for all the four annular rings can be seen in Figure 54 (a)-(d). It can be noticed
that the resonant frequency which is the thickness resonance is uniform across four elements.

However, some spurious lateral resonances for fourth ring do fall close to the thickness
resonance.
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Figure 54: Impedance plots of the different annular rings in the array transducer

The array transducer is made of PZT-5A fibers of thickness 250 um, the fibers are placed
randomly in an epoxy matrix with a fiber volume fraction of 65%. The transducer material is
manufactured by Smart Materials Corporation. The transducer is electroded with 1um thick
copper and a thin tin layer used as a passivation layer to prevent corrosion. For array
transducers it is imperative to reduce the cross-talk between elements, hence when using a
matching layer it is optimal to dice the matching layer into the array pattern. However, complex
array shapes may not always permit this and hence the use of a monolithic matching layer
needs to be used which does reduce the isolation between the elements.

Experimental observations of a 1-3 piezocomposite phased annular
transducer

A Phased annular array transducer is fabricated with the dimensions as in Table 5. The array
element width is Imm with spacing between successive elements of 1mm. The piezocomposite
element is housing in a brass casing, a tungsten filled epoxy backing is used to damp the active
element. The acoustic impedance of the piezocomposite (17 Mrayl) is very close to the
aluminum structure (17 Mrayl) on which it is being mounted, hence no matching layer is used.
The experimental arrangement can be seen in Figure 55. The transducer is permanently bonded
on a 3.2 mm thick aluminum plate. It is operated at a frequency of 500 kHz, at which point there
are two modes that can exist in the structure namely AO and SO modes. To identify the guided
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wave modes excited in the structure, the transducer is operated as a sender with desired

voltage and time delays while a normal beam transducer is used to receive the modes
propagating in the structure. Tuning the amplitude and phase of the transducer elements to
generate A0 mode we can see that the SO mode gets suppressed in the structure as in Figure 56.

Similarly, for the SO mode parameters the AO mode gets suppressed which can be seen in Figure
57. The small dimensions of the plate means there are several reflections from the edges which
can be seen along with the main arrival in the time domain signals.

Amplitude (V)

Figure 55: 1-3 Peizocomposite Phased annular transducer and an angle beam receiver
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Figure 56: AO mode generation in the plate with amplitude and time delay to maximize AO mode

and suppress SO mode
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Figure 57: SO mode generation with the phased annular array with amplitude and time delay to
maximize SO mode and suppress A0 mode

An angle beam transducer can be used to directionally receive the generated guided waves; the
difference in the SO mode amplitudes for the two different driving parameters can be seen in
Figure 58. The A0 mode velocity being lower than Plexiglas it is not possible to record it using
the angle beam transducer. It can be clearly noticed that the maximum SO mode in the structure
is generated for the parameters to maximize it. Similarly, it gets suppressed for the parameters
to minimize it.
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Figure 58: The received SO mode with an angle beam transducer for transducer amplitude inputs
to maximize AO and SO respectively

Phased array beam steering in anisotropic composite
plates

The ultrasonic guided wave phased array technique offers an efficient means to interrogate
damages in plate-like structures. When applying this technique to multilayer composite plates,
however, the anisotropic behavior of the composite materials leads to significant influences on
the beam steering performances of the phased arrays. In this project, we investigated the beam
steering performances of guided wave phased arrays for multilayer composite plates in terms of
phased array directivity profiles under influences of anisotropy. Angular dependences of guided
wave amplitudes and phase variations in composite plates obtained through a Green’s function
based method were implemented into directivity profile calculations to account for the
influences of anisotropy in a quantitative way. Guided wave phased array experiments were
carried out to validate the directivity profile calculations.

Introduction of guided wave beam steering in composite plates

Due to the capability of interrogating a very long distance from a single inspection point and the
overall excellent sensitivities to different types of defects, ultrasonic guided waves have been
considered as a very promising tool in nondestructive evaluation (NDE) and structural health
monitoring (SHM) communities. Compared to single element transducers, guided wave phased
arrays have the advantages of providing higher penetration power and damage imaging
capability as well as requiring less accessible inspection points, and thus have received more and
more research attention.

Similar as in bulk wave phased array applications, a good control on directivity profiles is of
paramount importance to the successful implementations of the guided wave phased array
technique. Directivity profiles with narrow main lobes and low side lobe amplitudes are desired
for high lateral resolutions and less image artifacts in phased array scanning images. On the
basis of Huygens’ Principle, mathematical formulations have been developed for calculating
phased array directivity profiles for isotropic media. When material anisotropy is presented,
however, the wave skew effects caused by the material anisotropy have to be taken into
account in the directivity profile calculations. An analysis on field profiles of a single transducer
in an anisotropic medium showed that the beam patterns experienced beam skewing, beam
splitting and bending, as well as beam convergence due to the material anisotropy. Apparently,
when applying guided wave phased arrays to anisotropic plates, for instance, multilayer fiber-
reinforced composite plates that have been extensively used in the aircraft industry, the phased
array directivity profiles determined by the beam patterns of single array elements together
with the phase delays will be affected by the material anisotropy.
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To quantitatively study guided wave phased array directivity profiles for multilayer composite
plates, it is critical to first obtain the guided wave fields generated by a single element of the
phased array. As mentioned in the previous report, the Green’s function based method is one of
the available techniques to predict circular-crested guided wave excitations in composite plates
[Velichko 20071, [Yan 2008]. By calculating the convolutions of the Green’s function for guided
wave excitations with the loading function of the array element, the guided wave excitation of a
transducer can be predicted. The method for evaluating the 3D Green’s function was described
in the first annual report of this project. The Green’s function was used to calculate the circular-
crested guided wave excitations in multilayer composite plates. The angular dependency on
guided wave amplitudes and phase variations resulting from the Green’s function calculations
were then further implemented into the phased array directivity profile calculations.
Experimental validations on the directivity profiles are carried out on a 32 layer carbon/epoxy
composite plate.

Angular dependences of guided waves in composite plates

As given in the previous report, the 3D Green’s function for far-field guided wave excitations in
anisotropic multilayer composite plates can be approximately evaluated using the following
equation:

n 2 -1/2
e T 8 LU T

oy

where I, ¢, and z are cylindrical coordinates, v denotes the vth guided wave mode, y is the
wave vector direction of the corresponding 2D straight-crested plane wave, G® represents the
wave number domain 3D Green’s function, k represents the wave number, and @ represents
the phase variations. The guided wave modes included in the summation in equation (85) are
determined from:

ok, (r)cos(y - o) _ (86)
oy

Only the wave modes that satisfy equation (86) are included in equation (85). The wave number
domain 3D Green’s function of each mode can be calculated as:

Gy, 2)=A"u,(2) ;VA,(S)/Z)A , (87)

where w, and v are respectively the particle displacement and particle velocity distributions

across the plate thickness that are obtained from the 2D straight-crested plane wave solutions
for the Bith mode, the tilde represents complex conjugation, and the matrix A is of format:

cosy siny 0
A=|-siny cosy Of"
0 0 1

(88)
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The phase variation function @ in equation (85) is calculated for each mode using the
following equation:

@, (7,0) =k, (7)cos(y - p)- (89)

As shown in equation (85), the amplitudes of the guided wave fields generated even by
axisymmetric loadings may distribute non-axisymmetrically. The phase variations of the wave
fields in different directions may be different as well. The Green’s function is capable of
predicting the amplitudes and also the phase variations of the guided wave fields excited by any
surface loadings in general composite plates. When considering point sources, the wave fields
are given by the 3D Green’s function itself. Since the phased array elements are generally
smaller than the wavelength of the guided waves, besides, we are usually interested with the far
field responses of the arrays, it is reasonable to consider the array elements as point sources.
Therefore, the 3D Green’s function given by equation (85) is suitable for guided wave phased
array study on composite plates.

Using a surface loaded out-of-plane point source as an example, the angular dependence of the
out-of-plane displacement excited by the source can be written as:

ay(#) = N2 (r.9.012), (90)

where a, (p) represents the amplitudes of the out-of-plane displacements that are normalized

with respect to the distance to the point source, g is the out-of-plane component of the 3D

Green’s function. The corresponding phase variations of the displacements are described by the
phase term o (y,,¢) as below:

D, (4)=,(,.4)- (91)

Equations (92) and (93) are evaluated for the third mode of an 8 layer quasi-isotropic composite
plate at frequency 600 kHz. The layup sequence of the plate is [0/45/90/-45],. The elastic
properties of a unidirectional layer are given in Table 7. The density and thickness of each layer
are 1608 kg/m?® and 0.2 mm, respectively. The third mode is the mode that is comparable to the
SO0 mode in isotropic plates.

Table 7: Elastic properties of the unidirectional lamina in the 8 layer quasi-isotropic
composite plate

= 172 GPa
E,=E; 9.8 GPa
Gy 3.2 GPa
G1,=G13 6.1 GPa
Vo3 0.55
V15=V13 0.37

The results are presented using polar coordinates in Figs. 85 and 86, respectively. Although the
out-of-plane point source can be considered as an axisymmetric loading, the profiles of a, (#)

and q>g(¢) are both non-axisymmetric. The displacement amplitude variation with respect to the

angular direction behaviors is quite strong for the specific mode and frequency used here. The
maximum amplitudes observed at the 18° and 198° directions are 12.8dB higher than the
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minimum amplitudes at the 113° and 293° directions. The phase term q>g(¢) also varies with

directions. Obviously, if such a mode and frequency is selected for phased array beam steering,
the angular variations of the displacement amplitudes and phases must be taken into account.

1.5e-010

Fig.59: Angular dependence of the out-of-plane displacement of mode 3 at frequency 600
kHz excited by a unit out-of-plane point source.

Fig.60: Angular dependence of the phase variation for the out-of-plane displacement of
mode 3 at frequency 600 kHz excited by a unit out-of-plane point source.

Guided wave Phased array Directivity profiles

It has been shown elsewhere that the directivity profiles of a guided wave phased array for
isotropic plates can be calculated as:

P (#)= Y exp-ik(G .5, ~ 4, -5, ) (92)
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where ¢4, is the unit vector pointing to the beam steering direction and 5, denotes the position

vector of the nth array element. To calculate the directivity profiles of phased arrays in
composite plates, one needs to replace the wave number k in equation (8) with the phase term
q)g(¢) and also include the angular dependent amplitude factor ag(¢)- The modified directivity

profile calculation formula is given by:
p(#)= Yo, ()expl-il, ()5 -5, - @, (4 ), -5, )} (93)
If a circular array is used, equation (93) can be rewritten as:

Pl8)=Xa, (#)expl-iR[®, (#)cos(y, - #)- @, (@, )cosly, —4,)}»  (94)

with R representing the radius of the circular array.

Directivity profiles of a 16 element circular array are calculated using equation (94) for the mode
3 at frequency 600 kHz. The radius of the array is 10 mm. Based on the observations made on
the angular dependence of the amplitude, we know that the out-of-plane displacement
amplitude is very small at the directions of 113° and 293° as compared to the amplitudes at the
18° and 198° directions. As a result, when phasing the guided wave signals for a constructive
interference in the 113° or 293° direction, the amplitude of the guided wave displacement in the
beam steering direction is still small compared to the other directions, especially the directions
of 18° and 198°. The normalized directivity profiles for the beam steering angles 113° and 293°
are respectively given in Fig. 61 (a) and (b). As can be seen, although there are indications of
constructive interferences in the beam steering directions, the strong lobes appearing in other
directions make the guided wave beam steering fail. By contrast, as can be seen from the
normalized directivity profiles shown in Fig. 61 (c) and (d), the beam steering results for the 18°
and 198° directions have relatively strong main beam and small side lobes.

(a) 113° (b) 293°
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270

(c) 18° (d) 198°
Fig. 61: Directivity profiles of a 16 element circular array for the guided wave mode 3 at
frequency 600 kHz in the 8 layer quasi-isotropic plate. The beam steering angles are: (a)
113°, (b) 293, (c) 18°, and (d) 198°.
The directivity profiles calculated for the same array and beam steering directions using the
formula for isotropic plates are shown in Fig. 62. In the calculations, the amplitude factor a,(9)

is set to 1 for all directions, whereas for the phase term q)g(¢), the value of q)g(o) is used for all

directions. Comparing Fig. 62 (c) and (d) to Fig. 61 (c) and (d), one can see that the influence of
anisotropy actually improves the array directivity profiles for the 18° and 198° beam steering
directions. This is due to the fact that such directions are the directions in which the guided
wave energy naturally focused together. Despite the good directivity profiles obtained for the
18° and 198° directions, the influence of anisotropy is considered undesired for the phased array
beam steering in this case because the beam steering for other directions, say, for example, the
113° and 293° directions, are of extreme side lobes.

Since the function ag(¢) and the phase terms cpg(¢) vary from one point to another in the

dispersion curves of composite plates, it is possible to select guided wave modes and
frequencies with quasi-isotropic behavior for the purpose of suppressing the influence of
anisotropy in guided wave phased array applications. The mode 1 that is comparable to the A0
mode in isotropic plates is identified with quasi-isotropic behavior at low frequency range. The
mode 1 at 160 kHz is selected as an example to demonstrate the feasibility of suppressing the
influence of anisotropy for the phased array applications in the 8 layer quasi-isotropic plate. The
angular dependence of ag(¢) and q)g(¢) are respectively shown in Fig. 63 (a) and (b) for the

selected mode and frequency.

(a) 113° (b) 293°
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(c) 18° (d) 198°
Fig. 62: Directivity profiles of the 16 element circular array calculated using the formula for
isotropic plates. The beam steering angles are: (a) 113° (b) 293°, (c) 18°, and (d) 198°.

90 6e-009
60

(@ a,(p) (®) o, (¢)
Fig. 63: Angular dependences of the out-of-plane displacement amplitudes and the phase
terms for the mode 1 of the 8 layer quasi-isotropic plate at frequency 160 kHz.

The directivity profiles of a 16 element circular array calculated for the mode 1 at 160 kHz after
considering the influences of anisotropy are shown in Fig. 64 for the beam steering angles 0°,
180°, 42°, 222°, 110°, and 290°. The radius of the array is 8 mm. At the angles 0° and 180°, the
function a, () has its maximum value. The minimum value of the function a, () appears at the

angles 110° and 290°. The angles 42° and 222° give another local minimum value.

It can be shown by comparing Fig. 64 with the corresponding isotropic case that the directivity
profiles for the beam steering directions 0° and 180° are improved by the influence of
anisotropy. The directivity profiles for the 42° 222° 110° and 290° directions, by contrast,
become worse in terms of having stronger side lobes. However, since the fluctuations of the
amplitude and phase angular dependences are not as severe as the ones of the mode 3 at
frequency 600 kHz, instead of having failures on beam steering as shown in Fig. 61 (a) and (b) for
the mode 3 case, the directivity profiles for the mode 1 at frequency 160 kHz are still applicable.
Increased side lobe levels are the price to pay for the influence of anisotropy.

72



270

(b) 180°

270

(d) 222°

(e) 110° (f) 290°
Fig. 64: Directivity profiles of a 16 element circular array for the mode 1 at frequency 160
kHz. The radius of the array is 8 mm. The beam steering angles are: (a) 0°, (b) 180°, (c) 42°,
(d) 222°, (e) 110°, and (f) 290°.

Experiments and results

Guided wave beam steering experiments were carried out on a composite plate. The plate is a
32 layer carbon/epoxy fiber-reinforced composite plate fabricated by ATK, Inc. The fabrication
data of the plate is given in Table 8. The finished plate thickness was measured at 6mm. The
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elastic properties of the unidirectional Hexcel AS4/8522 tape used in guided wave calculations
are given in Table 9. For the woven fabric Hexcel AS4/8522S, averaged elastic properties of a 0
degree tape and a 90 tape were applied. Equal ply thicknesses were assumed.

Table 8: Detailed plate fabrication sheet for the composite plate used in the experiments

Technician Name Surface Ply Panel Identification ID:
Material Chris Deemer NDI 11-29-07
Dan Goodrick FEP surface $108 2000
Date/Time Temperature (°F) Fabric: Hexcel AS4/8552S Pre-Preg
Kit from Freezer: 69° Fabric AGP193P(NT)8552S; 38%,
Tape: 1700/12/3/07 193AW; 50", Lot: S4477SQ
Fabric: 1000/11/27/07 RH: 15%
Date/Time Date/Time Tape: Hexcel AS4/8552 Tape
Lay_up Started: Lay_up Ended: AS4 12k/8552; 35%; 190AW:; 48" Lot
P6939-4SQ

:2’_ Material Orientation | Flag size Deli/u:)kr E?KCK Notes

1 Fabric 0/90° 48" x 48” Optional

2 Fabric 0/90° 48" x 48" Optional

3 Tape +45° 48" x 48" Optional

4 Fabric 0/90° 48" x 48” Mandatory | X

5 Tape -45° 48" x 48" Optional

6 Fabric 0/90° 48" x 48" Optional

7 Tape +45° 48" x 48" Optional

8 Tape 90° 48" x 48” Mandatory | X

9 Tape 90° 48" x 48" Optional

10 | Tape -45° 48" x 48" Optional

11 | Tape 0° 48" x 48” Optional

12 | Tape +45° 48" x 48” Mandatory | X

13 | Tape 90° 48" x 48" Optional

14 | Tape -45° 48" x 48" Optional

15 | Tape 0° 48" x 48” Optional

16 | Tape +45° 48" x 48" Mandatory | X

17 | Tape +45° 48" x 48” Optional

18 | Tape 0° 48" x 48” Optional

19 | Tape -45° 48" x 48" Optional

20 | Tape 90° 48" x 48” Mandatory | X

21 | Tape +45° 48" x 48” Optional

22 | Tape 0° 48" x 48” Optional

23 | Tape -45° 48" x 48" Optional

24 | Tape 90° 48" x 48” Mandatory | X

25 | Tape 90° 48" x 48" Optional

26 | Tape +45° 48" x 48” Optional

27 Fabric 0/90° 48" x 48" Optional

28 Tape -45° 48" x 48” Mandatory

29 Fabric 0/90° 48" x 48" Optional

30 Tape +45° 48" x 48" Optional X

31 Fabric 0/90° 48" x 48" Optional

32 Fabric 0/90° 48" x 48” Mandatory | X

74



Table 9: Detailed plate fabrication sheet for the composite plate used in the experiments

E; 135 GPa
E2:E3 9.5 GPa
Gys 3.65 GPa
G1o=G13 4.9 GPa
Vo3 0.3
V12=Vi3 0.3

An 8 element circular phased array was attached to the center of the composite plate using
instant glue. Each array element is a piezoceramic rod with 5.08 mm diameter and 12.7 mm
thickness. The first thickness resonant frequency of the array elements was tested to be around
100 kHz. A layer of Tungsten powder loaded epoxy was applied to the back of each array
element to serve as a transducer backing. The radius of the array is 8mm. A picture of the array
attached to the composite plate is shown in Fig. 65. In the experiments, the array elements were
driven by 5 cycle 100 kHz square wave signals. Because of the thickness resonant frequency of
the array elements, the loads applied by the array elements were in the out-of-plane direction.
The mode 1 was hence selected due to its high out-of-plane excitability. The out-of-plane
excitability values for the modes 2 and 3 at 100 kHz were neglectable when comparing to the
corresponding value of the mode 1.

To measure the directivity profiles of the array for different beam steering directions, an 8
channel time delay control system developed by FBS, Inc. was used to apply phase delays.
Another piezoceramic element was employed to receive the phased array outputs in different
circumferential directions but with the same distances from the center of the array under the
through-transmission mode. Obviously, if the phased delays for beam steering were effective,
the maximum wave amplitude should be observed when the receiving element locates in the
beam steering direction. The plots of the wave amplitudes versus the corresponding
circumferential directions of the receiving element can be further compared to the phased array
directivity profiles.

The experimental results are shown in Fig. 66 (a)-(f), in terms of normalized wave amplitude
plots for beam steering angles starting from 0° to 300° with a 60° increment. The corresponding
theoretically calculated array directivity profiles are also shown for comparison. As can be seen,
the maximum amplitudes were always received at the corresponding beam steering directions.
The beam steering of the phase array was thus proven successful. The experimental results also
matched with the calculated directivity profiles quite well. The good matches between the
experimental results and the calculated ones proved that the design of array elements
controlled the influence of anisotropy quite well so that the guided wave energy generated by
the circular array can be steered to any direction in the plate. The minor discrepancies could be
mainly introduced by the inconsistent contact conditions between the receiving piezocomposite
element and the plate surface at different measurement locations. The inaccuracies on array
element placements also contributed to the discrepancies.
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(e) 240° direction beam steering (f) 300° direction beam steering
Fig. 66: Comparisons between experimental results with calculated array directivity profiles
for the beam steering angles of (a) 0°, (b) 60°, (c) 120°, (d) 180°, () 240°, and (f) 300°. Very
good agreements were obtained.
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Defect detection in a composite plate using a phased array

The defect detection capability of the phased array was examined using the pulse-echo mode of
the time delay control system. A baseline dataset was first taken by applying the time delays to
scan the whole plate with a 1° angular increment. A notch was cut and introduced to the plate
as the simulated defect. The notch was located at the 150 degree circumferential angle. The
distance from the notch to the center of the array was 140mm. The length of the notch was
about 25mm. The depth of the cutting was close to 1.3mm. A new dataset was collected with
the same settings and angular increment as was used for the baseline data set after the cutting
notch was introduced. For each beam steering angle, the 8 signals received by the 8 elements of
the array were synthesized using the back-propagation method to yield the defect inspection
result in a spatial distribution format for the beam steering angle. The inspection image was
generated by subtracting the baseline results from the results obtained using the new dataset
and then plotting the envelopes of the residuals with respect to the beam steering angles.

The inspection image for the notch is shown in Fig. 67 in dB scale. The vicinity of the phased
array in the image that corresponds to the cross-talk signals (signals for the waves that traveled
directly in between array elements) was taken out from the image to enhance the appearance
of the defect indication. The dB range for the part of the inspection image shown in Fig. 67 is
8dB. As can be seen, the notch was detected in the beam steering inspection image really well.
The circumferential and radial locations of the notch in the image were 149° and 134mm,
respectively.
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Fig. 67: Defect inspection image obtained using the phased array beam steering technique for the notch in
the 32 layer composite plate.
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Phased Beamformer Transducer Design

The phased beamformer transducer employs the phased annular array guided wave mode
control in conjunction with real time phasing for guided wave beamsteering. The result is a
transducer in which all the elements can be individually controlled for real-time mode control
and directionality. 1-3 piezo-fiber composites are used in the design of the transducer, the cross-
talk between the transducer elements in a piezocomposite is lower than -30 dB the highest
cross-talk occurring at the thickness resonance. Taking advantage of the low cross-talk between
elements in a piezocomposite a single wafer patterned with the desired electrode pattern is
used. For very fine dimensions soldering wires to electrodes becomes a very challenging task, in
such cases using a flexible printed circuit board as the transducer electrode will be helpful as it
can be readily possible to connect solderable pads to the electrodes. However, care should be
taken while bonding the flexible printed circuit board to minimize the bondline, the low
dielectric constant of the bondline can reduce the strength of the electric field lines significantly
and affect the performance of the transducer.

The number of elements in each transducer array presents a significant challenge in the
transducer design. The beamforming process imposes several restrictions on the element size
and their spacing. For a uniform circular array the spacing between the circular elements should
not exceed A/2. Hence, three annular array elements per transducer are used as a compromise
between mode selection and beamformability. The number of elements in the annular array
affects the excitation spectrum of the guided waves being excited in the structure. Care should
be taken to operate the transducer at frequencies were mode isolation is possible. The full
transducer once made should incorporate a matching and a backing layer to enhance the
bandwidth of operation of the transducer. For the transducer fabricated in Figure 68, no
matching and backing layers were used, the impedance of the transducer closely matches the
aluminum plate.

Brass Casing

/vEpoxy Backing

Electrode Pattern

/

| —
' ' 1-3 Piezo Composite
] Matching Layer
| =—

Figure 68: Schematic of Beamformer transducer
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TOP VIEW BOTTOM WVIEW

Figure 70: Top and Bottom view of the flexible printed circuit board used as the
electrode

Finite element modeling of guided wave beam forming

Finite element modeling is employed to study the guided wave beamforming in structures.
ABAQUS software is used to model the wave propagation, 3D linear stress elements are used to
study wave propagation. Figure 71 shows the two configurations studied namely the loading
due to a normal beam transducer and the other is loading due to a phased annular array
transducer. The phased annular array transducer is loaded with amplitude and time delays
corresponding to the A0 mode generation at 300 kHz in a 4.8 mm thick plate. As mentioned
above with no mode control the unwanted guided wave interferes with the beamforming
process as can be seen in Figure 72 with SO beamformed along the 30° direction while for the
same time delays the A0 mode aliases which can be noticed. With guided wave mode control
the A0 mode beamforming can be seen in Figure 73 with clean A0 mode generated and
propagating in the structure.
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Figure 71: Circular array model on an aluminum plate (a) Phased annular loading with
A0 maximization parameters (b) Pressure loading normal to the surface

Figure 72: Magnitude of displacement for SO mode beamforming with Pressure loading
on a 500 x 500 x 1.6 mm?® aluminum plate
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Figure 73: Magnitude of displacement for A0 mode beamforming in a 500 x 500 x 4.7
mm?® aluminum plate with phased annular array loading at 300 kHz

Experiments on an isotropic plate

The phased array experiments are carried using a data acquisition machine built with multi-
channel phased array cards. The system has 8 channels and each channel can have independant
time delays. However, the minimum number of transducer elements needed to carry out a real
time experiment is 16 and for phased annular array beamforming it multiplies to 48
independent channels. Hence, it was decided to carry out synthetic beamforming in which case
the constraint on the number of channels can be overcome. Experiments are carried out on
aluminum plates with different defects on the plates.

PWAS (piezoelectric wafer active sensors) transducers are disk type transducers predominantly
operated in the d31 mode. The shear type of actuation of the d31 mode results in a
predominant SO mode. The transducer diameter of 6.35 mm results in a radial resonance of 350
kHz. To reduce the ringing and increase the bandwidth of the transducer an attenuative epoxy
backing is used. The backing considerably improves the performance of the transducer by
reducing the ringing. A circular array with radius 18 mm is chosen and transducers are bonded
on a 1 mm thick aluminum plate. The SO mode is used to image the plate for defects, there are
several defects that are introduced into the structure Table 10 gives the location and size of the
defects. The Corrosion defect is introduced using accelerated electrolysis technique were in salt
water and a battery are used corrode the plate, a saw cut defect and several through holes are
made manually. The images obtained after beamforming can be seen in Figure 75 and after
applying deconvolution in Figure 76. Thresholding the image to -11 dB the image with defects
can be seen in Figure 77.
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Table 10: Defects introduced into the aluminum plate

Defect Location from center Size (mm)
(mm)
Corossion 400 25.4 dia
Crack 520 50.8 mm
Holes 400 6.1 mm dia

% “ dia

1” dia corrosion, 50
% through thickness

2” wide crack, 50 % through thickness

Figure 74: Aluminum plate with several defects
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Figure 76: Phased Array Image of an aluminum plate with defects after deconvolution
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Figure 77: Phased array image after thresholding

A beamformer transducer with 16 array elements is designed using a 1-3 piezofiber composite.
Each array element has three annular rings for controlling the guided wave mode generated in the
structure. With a phased annular array transducer size mentioned in Table 10, the 16 element
beamformer transducer has a diameter of 16 mm giving an overall transducer dimension of 19
mm. The transducer is mounted on a 4.8 mm thick aluminum plate, the transducer is operated at
700 kHz. A saw cut defect of length 2” and 50 % through thickness is made and the defect is
imaged with the transducer. The defect image with simple phased addition can be seen in Figure
79 and the image after deconvolution and thresholding can be seen in Figure 80.
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Figure 78: Phased Annular beamforming experiment setup
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Figure 79: Phased Annular array defect Image showing a crack defect
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Figure 80: Phased Annular array defect image after thresholding
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Guided wave mode control with Phased Annular Array transducers

Phased annular array transducers can be used for guided wave mode control in composites. By
controlling the amplitude and phase of the elements in a transducer it is possible to control the
guided wave modes by minimizing the energy of the unwanted mode. The optimization problem
to determine the optimum excitation parameters namely the amplitude and phase of elements
was discussed in earlier sections. The same mathematical concepts are valid for composite
structures except that the greens function is dependant on the direction. The energy associated
with a guided wave mode due to surface excitation need to take into account the angular
dependence of the wave number which can be written as in Equation (95).

EN{ =wlIm ﬁ (G(K, 7,0)§:VmQ(k),iVmQ(k))kdkdy (95)
ENy = @Im f(reS(G(k,%O))lk_ku D VaQ(K), DV, Q(K))k,dy (96)

The integral in Equation (96) can be numerically integrated for contributions from all the angles
which can be expressed in terms of the excitation parameters as in Equation (97).

EN! = iia;;viv; = (AV V) (96)
i=1 j=1
a; =§(Z(Res(e(k,y,0» )Q, (k,)Q: (k, )k, )y (97)

k=k,
The optimum excitation parameters can now be calculated using the same procedure outlined for
isotropic plates earlier. At low frequencies where only two fundamental guided wave modes exist
and the skew angle being very low they can be treated as having quasi-isotropic behavior and
calculated similar to that for isotropic plates can be carried out knowing the greens function for
the structure. Table 11 shows the array element dimensions and the calculated excitation
parameters for SO mode maximization at 400 kHz. Figure 81 shows the guided wave signal
received in the composite with a normal beam transducer with no mode control. Applying the
amplitude and time delays for maximizing mode 3 the corresponding waveform in the composite
plate can be seen in Figure 82. An angle beam receiver can be used to confirm the existence of
mode 3 in the structure which can be seen in Figure 83. This mode control can be employed for
beamforming to improve defect imaging.

Table 11: Phased annular array parameters for guided wave mode generation in composites

Element Inner Radius Outer Radius Mode 3
(mm) (mm) Amplitude Time delay (us)
1 0 0.8 0.7508 0

87




2 1.6 2.4 0.2490 1.65
3 3.2 4.0 0.6118 0
0.5-
0.4F
Mode 3
0.3F
Mode 1
0.2¢
> 0.1-
% 0 WW\/V\N\/WW\/\/\WMMA-MMWWWMA/»—
S -0.1f
-0.2f
0.3t
-0.4f
05 50 100 150 200 250 300
time (ps)

Figure 81: Received signals with a normal beam receiver at a distance 10.5 inches from the
transmitter with constant amplitude and no time delays
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Figure 82: Normal beam receiver at a distance 10.5 inches from the annular array transmitter
with amplitude and time delays to maximize mode 3

88




0.25¢
Mode 3

0.15-

0.1r

0.05f;

Voltage (V)
o
3
:

-0.05p

-0.2 I I I I I ]
0 5O 50 100 150 200 250 300

Time (us)

Figure 83: Signal Received by an angle beam transducer with amplitude and time delay to
maximize mode 3

Beamforming with a Phased Annular Beamformer Transducer

In the previous section PWAS sensors are used to beamform and image defects in the structure.
The group velocities of the fundamental modes being very different the modes were temporally
separated and used for imaging. However, at other frequencies the temporal separation
between guided wave modes becomes very difficult. Using the phased annular array
transducers for mode control gives the advantage of mode control and hence better imaging. A
phased beamformer transducer is fabricated with 10 annular array transducers with 3 elements
each. The transducer is fabricated using a 1-3 Piezocomposite material made from randomly
placed 65% piezo-fiber composite (supplied by Smart Material Corporation). The transducer
elements are patterned using lithography. Figure 84 shows the final mounted transducer on a
composite plate. No matching is layer is used for the transducer while a light epoxy backing is
used to damp the transducer. The element dimensions in the annular array are given in Table
11, the annular array transducers are arranged in a circular pattern for beam steering. A 16 layer
AS4/8552 quasi-isotropic composite is manufactured; the delamination is simulated by
introducing a Teflon patch 2”x2” at the mid-plane, i.e. between layers 8 and 9. The defect is
placed 10” from the center of the plate, the C-scan of the plate can be seen in Figure 85.
Synthetic beamforming is carried out using the phased annular beamformer transducer
mounted on the plate.
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Figure 84: 10 element circular array with 3 annular rings per element

era Ll

2100

=-Red

5

e

% ks [in]

Figure 85: C-Scan image of the composite panel with delamination at 10” from the center of the

panel
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The beamformer transducer is operated at a frequency of 400 kHz with 10 cycle tone burst input.
Transducer 1 is used as a transmitter and Transducer 2 is used as a receiver, the amplitude and
phase to excite individual annular elements are taken from Table 11 to maximize mode 3. From
Figure 86 the reflection from the delamination can be seen clearly. Using all the 10 transducers
synthetic beamforming is carried out to locate the defects in the structure.
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Figure 86: Signal obtained with ‘1’ as sender and ‘2’ as receiver with annular array time delays
for mode 3 at 400 kHz

The synthetic phased array imaging of the composite plate with delamination is carried out at 400
kHz, the amplitude and time delays for the phased annular array to maximize mode 3 given in
Table 11 are used. The sysnthetic beamforming image of the composite plate can be seen in
Figure 87. After thresholding the image can be seen in Figure 88, artifacts in the image can be
noticed which arise mainly because of the high ringing in the transducer which results in the
reflected signal becoming overlapped with the initial part of the signal. With time delays to
minimize mode 3 and maximize mode 1 the defect image can be seen in Figure 89 showing
reduced signal to noise ratio resulting in no recognizable defect.
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Figure 87: Phased array Image with Mode 3 time delays for the annular array showing the
delamination defect and a crack type reflector
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Figure 88: Phased array image of the composite plate showing the delamination after
thresholding at a distance of approximately 250 mm from the center
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Phased Array System with Nonlinear Phase Delays

A phased array transducer arranged on a polar coordinate grid and nonlinear phase delay
distribution was developed to ensure single mode selection under all conditions. Finite element
simulations were conducted to verify that the nonlinear phased array transducer performed as
predicted. Networks were assembled on a printed circuit board to generate the phase delays and
bonded plate specimens were fabricated.

Theory

It can be shown that the interaction between the phased array system and an elastic
medium can be represented as follows in the Fourier domain [Senesi et al, 2010]:

-~

Uk, w) = D(k,w)F(k,w)

where U D Fgpe response of the medium, the excitability matrix of the medium and the
forcing function presented by the phased array system; respectively. The excitability matrix
represents the dispersion properties of the elastic medium. Thus, the design of the phased array
involves matching the Fourier spectrum of the elastic medium and the resulting forcing function.
The Fourier spectrum of the elastic medium is non-zero only along the dispersion curves.
Therefore any spatio-temporal arrangement of the forcing function must result in a peak at a
desired point in the dispersion curve.

(98)

— [ g T = [ —1 }‘—3
Note that if the vector K = (o1, ko] , then 6 = tan (;\:1 is the angle at which the

wave is steered in an isotropic elastic plate. The magnitude k, is the wave-number selected. For
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an anisotropic medium however, the wave will skew away from the intended direction.

In the following subsections we present and compare two kinds of phased array
transducers. One is the traditional form of phased array transducer which is arranged on a
rectangular grid as shown in Fig 90. The phase delay across the rectangular array varies linearly.
The other is a phased array transducer which was developed by us and is arranged on a
cylindrical-polar grid as shown in Fig 91. Furthermore, the phase delay along the angular
direction is non-linear. Each radial ray is however a linear phased array.
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Fig 91. Phased array on a cylindrical

Fig 90. Phased array on polar grid

rectanaular arid

Phased array on a rectangular grid

Figure 90 shows a rectangular grid of transducers. The forcing function due to this kind
of phase array can be written as follows.

M N

F(x, Z Z W(x — mpz,y — npy) f(t —mdt, —ndt,)

m=—M n=—N
(99)

where Wi(z,y), f(t), Pz, Dy, Otz 0ty represent the shape of each transducer element, the
temporal variation of the force, the pitch of the elements in the x-direction, the pitch of the
elements in the y-direction, the time delay in the x-direction and the time delay in y-direction;
respectively.

The Fourier transform of the forcing function is given by:

m=M n=N
F — W‘f E E et{'rn(kmp:r:"'?_:r:)+n(kypy +T3j)}
m=—M n=—N (100)

The product W is constant for a given configuration. Thus the wavenumbers and directions
selected by this kind of phased array transducer occur wherever the summation in the right hand
side of Eqn (100) is maximum. It can be shown that the summation has maxima corresponding
to
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b — 2q;m — T;
Pi

=T,y = 0,£1,£+2,£3--

=0

where . However, for the purpose of calculation of 7i we

need to consider only i . The remaining sets of ki can be selected by varying the

frequency of the signal f(t) As will be demonstrated later this may cause unintended multiple
modes to be generated in more than one direction.

Proposed phased array configuration

Consider a one-dimensional phased array transducer inclined at an angle @n . The
peak(s) of the frequency spectrum of this kind of phased array transducer is given by

knpn COS(@n) — Qq;*?, — Tn
The physical interpretation of the above equation is that the wavenumbers selected by the

above phased array transducer are also rotated by an angle Pn about the point

kn = (2qn — ta'u.,,)o.,,_’ where On is the unit vector along the 1-D array. Now we can
introduce a series of 1-D phased arrays inclined about

different angles ®n and for simplicity assume P» = P | We can then choose 7n such that all
lines corresponding knp coincide at a desired point (kap,0) in the 2-D wave-number domain.
The resulting configuration is shown in Fig 91. As will be demonstrated later this results in an
almost unique wavenumber and direction to be selected. Factoring out other factors affecting
mode selection this configuration and phasing system leads to the selection of a unique mode

and unique direction of wave propagation.

Finite element simulation

Finite element simulations of guided wave propagation in a plate were performed. We
attempted to select the same mode using both the configurations discussed above (rectangular
and polar). For both the cases 8x8 elements were used. The total angle included for the latter
type of phased array was kept at 90°. Figs 92 and 93 below show the comparison of wave
propagation between phased array systems on rectangular and polar grids; respectively. It may
be observed that two modes were generated in case of the rectangular grid type of phased array
and primarily single mode is generated in case of the polar grid type of phased array. There are
however low magnitude side lobes in the latter case, which may be remedied by using larger
number of cycles and/or more number of array elements.
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Fig 92. Multiple mode generation by

ohased array on rectangular grid Fig 93. Primarily single mode generation

using nonlinear phase and cylindrical
polar coordinate grid, although noise or
side lobes are present

Multichannel phase delay system

As part of the development of a multichannel phase delay system two configurations were
considered. One was to use a phase shifter network to produce signals that are 90° and 180° out
of phase. Intermediate phases are obtained by using potentiometers across the phase shifter
outputs. The disadvantage of this approach is that the signal suffers 30dB loss at 45°, 135°, 225°
and 314°. Thus intermediate amplifiers must be used to amplify the output to the original value.

The alternate approach is to use an allpass filter. An allpass filter is an active filter whose
only function is to produce a phase shift. Fig 94 shows the schematic of the allpass filter
together with the amplifier. The signal is injected at the left end of the above schematic. The
phase delayed signal is output at the switch S1 which is subsequently amplified to 25 V peak
voltage signal using the INA103 amplifier. Note that the part left of the switch S1 is the allpass
filter and the phase delay is obtained by varying the resistance at R3. Furthermore the peak to
peak amplitude of the input signal must be adjusted such that the output of the instrumentation
amplifier is 50 V.

The performance of the allpass filter was verified using LM740 operational amplifiers on a
printed circuit board with through holes. The performance of the INA103 amplifier was also
similarly verified. These amplifiers however are not suitable for ultrasonic frequencies. For
ultrasonic frequencies custom made printed circuit boards must be used. This is because we
were unable to find high speed operational amplifiers which can be soldered onto a printed
circuit board with through-holes. The development of the printed circuit board with surface
mount pads (required for the high speed amplifiers) has been an iterative process. It will take at
least two more iterations of alteration to the printer circuit board design and testing to arrive at
a successful multichannel phase delay system. Power supply is another concern. Currently, only
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one voltage regulator was used for all the INA103 amplifiers on the circuit board. This caused
overheating of the voltage regulator. Hence more voltage regulators need to be procured, the
exact number of which is under evaluation.
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Fig 94. Schematic for a single channel phase delay system

Concluding remarks

Great potential of using ultrasonic guided wave phased arrays for SHM of composite structures
has been demonstrated. On the basis of solid understanding of guided wave mechanics, guided
wave mode and frequency control has been successfully implemented in guided wave
tomography and phased array SHM applications. Moving forward from piezoelectric disk or rod
elements that are limited on guided wave mode tuning, we have designed and fabricated
annular array transducers for better guided wave mode and frequency control. We have also
successfully designed transducers for better sensitivity and penetration power using different
materials. We studied the feasibility of miniaturizing the annular array transducers for phased
array beam forming using the time delay annular array concept. Novel guided wave
beamformers have been developed and applied to both isotropic and multilayer composite
structures for SHM applications. Nonlinear phased delays for better mode control and beam
forming results have also been investigated. Phase delay circuits that are particularly suitable for
guided wave phased array applications have also been studied.
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