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Abstract

This research combines laser ultrasonic techniques with the two-dimensional Fourier transform (2D-FFT) to characterize adhesive bond
properties. The experimental procedure consists of measuring a series of equally spaced, transient Lamb waves in specimens consisting o
aluminum plates joined with an adhesive bond. The frequency spectrum (dispersion curves) for each specimen are obtained by operating on
these transient waveforms with the 2D-FFT. This study quantifies the effect of bond stiffness on the dispersion curves of two different bonded
specimens (a single aluminum plate with an adhesive transfer tape attached to one side, and two aluminum plates joined with the same
adhesive tape) and four adhesive bond conditions (un-aged, and three different aging temperatures and times). The proposed procedure
consists of first determining the frequency spectrum of the Lamb waves that propagate in each of the two bonded specimens (plus a single
plate); these measurements provide the dispersion curves for each specimen in their un-aged state. Degradation causes changes in th
stiffness of an adhesive bond, which causes changes in the dispersion curves of the aged specimens. Experimentally measured dispersio
curves are used to quantitatively track changes in the bonded specimens, as a function of age. Finally, these experimental results are
interpreted in terms of an analytical model that replaces the adhesive bond layer with a linear spring boundary cori@nPublished
by Elsevier Science Ltd.
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1. Introduction bandwidth and non-contact nature of this optical technique
are critical for the success of this study. Since laser ultra-
The use of advanced structural materials and the ever-sonics measures with a point source/point receiver, it
present need for performance efficiency (such as low permits usage of a spatial sampling technique, the 2D-
element weight and high strength) has heightened the FFT. By using these state-of-the-art laser ultrasonic meth-
demand for effective joining methodologies. Adhesive odologies, itis possible to experimentally measure transient
bonds have emerged as a particularly promising technologyLamb waves in bonded specimens without any of the
because of their low weight, low cost and ease of assembly.frequency biases present in, for example, piezoelectric
The increased usage of adhesive joints has created thdransducers.
requirement for more reliable techniques capable of non- This study quantifies the effect of bond stiffness on the
destructively characterizing these types of bonds. Unfortu- dispersion curves of two different specimens, each manu-
nately, conventional ultrasonic methodologies (such as factured with the same adhesive bond—a commercially
pulse-echo) are ineffective in interrogating large bonded available, double coated, adhesive transfer tape. Note that
areas. A promising new methodology uses guided Lamb this tape cures at room temperature2(’C) and has a
(plate) waves to characterize adhesive bond properties.Young’'s modulus (elastic stiffness) of 5 MPa. Two bonded
The primary advantage of using guided waves in this appli- specimens are examined: a single aluminum plate with a
cation is that they can quickly and accurately interrogate a bond on one side (but not joined to anything)—referred to
large bonded area. as the tape specimen; and two aluminum plates joined with
This research combines laser ultrasonic techniques withan adhesive bond—referred to as the bond specimen. In
the two-dimensional Fourier transform (2D-FFT) to charac- addition, the dispersion curves of a single aluminum plate
terize adhesive bond properties. The high fidelity, broad are measured to provide a benchmark of the accuracy and
robustness of the proposed experimental procedure.
* Corresponding author. Tel./fax: 1-404-894-2771/0211. The experimental procedure consists of first determining
E-mail addresslaurence.jacobs@ce.gatech.edu (L.J. Jacobs). the frequency spectrum of the Lamb waves that propagate in

0963-8695/00/$ - see front mattér 2000 Published by Elsevier Science Ltd.
Pll: S0963-8695(00)00022-0



556 K. Heller et al. / NDT&E International 33 (2000) 555—-563

Micrometer driven Mirror Beam splitter
translation stage

Ve Stop

Direction of
movement

Nd:YAG laser

Optical probe
(fixed) N

E \
Bond specimen Attenuation plate
\
| .

Focusing lens

Generating laser
beam (moveable)

Fig. 1. Schematic of laser generation setup.

each of the two bonded specimens (plus a single plate);curves using oblique incidence measurements with immer-
these measurements provide the dispersion curves for eaclsion piezoelectric transducers (e.g. see Mal et al. [10]).
specimen in their reference state, un-aged. Degradation The objective of the present study is to evaluate the effec-
(aging in this study) causes changes in the stiffness andtiveness of combining laser ultrasonic techniques with the
microstructure of an adhesive bond, which in turn, should 2D-FFT to characterize adhesive bond properties. The
cause changes in the dispersion curves of the aged speciexperimental procedure consists of measuring a series of
mens. As a result, experimentally measured dispersionequally spaced, transient Lamb waves in bonded specimens
curves are used to quantitatively track changes in the and then operating on these transient waveforms with the
bonded specimens, as a function of age. 2D-FFT to develop the specimen’s frequency spectrum
There has been extensive research into the characteriza{dispersion curves). These experimentally measured disper-
tion of adhesive bonds (see Thompson and Thompson [1]sion curves are then used to quantitatively characterize the
for a review), but there is less information on guided waves condition of the adhesive bond, as a function of degradation.
in adhesively bonded structures—especially in the As a final step, the experimentally observed behavior is
frequency range of this research. Recently, Rose et al. [2]interpreted using an analytical model.
developed dispersion curves for titanium diffusion bonds
and examined frequency shifts and spectral peak-to-peak
ratios of different bonded states. Achenbach and Parikh 2. Experimental procedure
[3] performed a theoretical investigation on the non-linear
behavior of adhesive bonds. The main focus of their workis  The Nd:YAG laser (1064 nm) used for generation emits a
reflected and transmitted waves at interfaces. Adler et al. [4] 450 mJ, 4—-6 ns pulse, and this beam is attenuated and
studied guided waves generated with transducers in friction focused before it strikes the specimen. The focusing lens
welded aluminum-steel bonds. Delamination in curved and alignment mirror are mounted on a (micrometer driven)
bonded aircraft structures is investigated by Rose et al. [5] translation stage that allows for precise (horizontal) move-
using energy losses of transient signals. Jungman et al. [6]ment of the optical source (see Fig. 1). This setup provides a
analyzed interface properties in a three-layer system of alaser source that generates exactly the same ultrasonic
metal plate—epoxy bond-metal plate using leaky Lamb signal, at multiple, equally spaced locations, throughout
waves. This research reveals that the reflection and trans-each test. Note that this setup does not guarantee that the
mission coefficients are not very sensitive to the interface laser source is exactly the same (spot size of approximately
properties. Nagy and Adler [7] studied guided waves in 1 mm) for all the specimens (or for a specimen that is
adhesive layers between two halfspaces, demonstratingremoved and re-installed), just that the laser source remains
that the resulting dispersion curves are relatively insensitive constant as the source is translated to different spatial loca-
to the properties of the adhesive layer. Rohklin and Wang tions on the same specimen. Laser detection of these ultra-
[8] examined Lamb waves in lap—shear joints, including the sonic (Lamb) waves is accomplished with a heterodyne
development of an analytical spring model, while Lowe and interferometer [11] that uses the Doppler shift to measure
Cawley [9] analyzed the sensitivity of adhesive bond prop- out-of-plane surface velocity (particle velocity) at a point on
erties on guided waves using a three-layer model. In ad-the specimen’s surface. The interferometer makes high-fid-
dition, a number of researchers have developed dispersiorelity, absolute measurements of surface velocity (particle
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| N adhesive bond irreversibly—they induce chemical aging in
’- 100 mm " ; : . :
' the adhesive material, an irreversible change.
|
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‘T 3. Experimental results and discussion
0.9398mm d=100 mm  0.25mm
100 mm__ | While the receiver is kept in a fixed position, the source is
I placed at 50 equally spaced locations. Incremenix) (
distances of 0.30 mm (or 0.40 mm in some cases) separate
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these multiple source locations. Note that the closest source-
to-receiver (propagation) distance is approximately 30 mm.

0.9398mm d=100mm  0.25mm This results in the generation and detection of 50 wave-

forms, each with a different propagation distance and each
generated with exactly the same source.

velocity) over a bandwidth from 200 kHz to 10 MHz. Fig. 3 shows three typical transient waveforms with the
Note that all of the waves presented are low-pass Same propagation distance (47.5 mm), but measured in the
filtered at 10 MHz. In addition. each waveform three different specimens (the tape specimen, the bond
presented represents a collection of averages, sometimeSPecimen and the single plate). Note thf‘t Fhe"trlgger. time
as many as one hundred. This signal averaging proce-°f these waveforms corresponds to the “spike™-ab us;
dure works because noise is random, while the “real” this spike is caused by the electromagnetic discharge of the
signal is repeatable; signal-to-noise ratio (SNR) is Nd:YAG laser, but the system is actually triggered by a

improved by the square root o, where N is the repeatable voltage output coincident with the laser’s firing.
number of averages. Consider the outstanding SNR exhibited in these

The adhesive material employed in this research is usedWaveforms; high SNR is critical for the success of the
in high-performance joint applications and is capable of next stgp—development of dispersion curves. A.qualltatlwe
replacing rivets, spot welds and many other fasteners. Theanalysis of these three waveforms shows identical arrival
great advantage of tape technology is its ease of applicabil-imes for the beginning of the signal (the first non-zero
ity and the guarantee of uniformly bonded connections. The disturbance at~=13us) and no significant differences
tape is manufactured by the 3M Company (Adhesive Trans- between the shape of each bonded specimen signal, while

fer Tape F-9473PC), and 3M provides the following ma- the shape of the single plgte signal is very different._ The
terial properties: bond thickness= 0.25 mm Young’s single plate shows more “signal content” (higher amplitude
modulus E = 5 MPa Poisson’s ratioy = 0.5; short-term content before and after the arrival of the Rayleigh wave at

temperature tolerance of 280 and long-term temperature 20 ws). In addition, the first reflections from the speci-
tolerance of 149 [12]. mens’ edges are visible (e.g. at 37 s in the bond speci-
The two bonded specimens considered in this study areMen)- Unfortunately, besides making these generic
identified as the tape specimen and the bond specimen (FigEomments about differences in shape, no other analysis is
2). The tape specimen is a single (aluminum) plate with p033|_ble—|t is impossible to qua_ntlltauvely.mterpret these
adhesive transfer tape attached to one side, while the bond"@nsient waveforms. However, it is possible to develop
specimen consists of two of the same single plates, bondeddispersion curves and then quantitatively interpret these

together with the same adhesive tape. The plates are 3003€sults. _
aluminum, with thicknes$ = 0.9398 mm and dimensions This study uses the 2D-FFT to operate on this set of

100x 100 mm. Note that a single aluminum plate (identical (°0) equally spaced, transient waveforms and develops

to the plates used in the bonded specimens) is also investi-diSPersion curves for each specimen. Implementation of
gated. the 2D-FFT is fairly straightforward—perform a

Four different bond conditions are investigated: temporal Fourier transform (from the time to the
frequency domain) followed by a spatial Fourier trans-

Fig. 2. Bond specimen (upper) and tape specimen (lower).

e un-aged condition—original condition; form (spatial to the wavenumber domain) [13,14]. The

e condition 1—specimen heated for 3 h at 120 resulting frequency f) versus wavenumbegk) spectrum

e condition 2—condition 1, followed by heating for 4 h at shows a series of peaks that represent individual modes.
285°C; Note that the signals are windowed to remove any edge

¢ condition 3—specimen heated for 4 h at 285 reflections—since the arrival of any reflections from the

edges occur after the portion of interest, these
Since the temperature of condition 1 is only slightly above reflections are removed so the specimens are considered
the adhesive tape’s long-term tolerance, this temperatureto be infinite plates.
only causes physical aging of the tape material, a reversible To demonstrate the accuracy of the proposed 2D-FFT
damage process. In contrast, conditions 2 and 3 damage th@rocedure, consider the dispersion results for the single
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Fig. 3. Comparison of three typical transient waves with the same propagation distance (47.5 mm), but measured in the tape specimen, the bamdispecimen
the single plate (top, middle and bottom, respectively).

aluminum plate(t = 0.9398 mn). Although these disper-  single plate information defines the upper limit of the
sion curves are not directly related to the assessment ofproposed experimental procedure—if certain modes are
different bond conditions, they are helpful in interpreting not clearly visible in the experimental dispersion curves of
the tape and bond specimen results. Fig. 4 is a contoura single plate, they will probably not be observed in the tape
plot of the three-dimensional frequency versus wavenumberand bond specimens. If the tape and bond specimens behave
spectrum for the aluminum plate (experimentally measured) like a single, stress free plate (see Section 4 for a discus-
superimposed on the theoretical solution (the solid lines) sion), their dispersion curves should not possess more detail
of the Rayleigh—Lamb frequency equations [15]. Fig. 4 than present in the single plate results shown in Fig. 4.
indicates that certairk—f combinations have significant Now consider the dispersion curves of a typical tape
amplitudes (peaks), and these combinations are solutionsspecimen, shown in Fig. 5(a). This tape specimen enables
to the plate’s dispersion relationship (the plate’s individual an investigation into the behavior of a “plate-like” speci-
modes) that exactly match the theoretical solution. The men, but with a different boundary condition on one side
lowest (first from bottom to top) “mountain range” in Fig. than the single plate of Fig. 4—this is an intermediate step
4 represents the first antisymmetric mode, while the next setbetween the single plate and the bond specimens. Note that
of peaks (in order of increasing frequency) is the first the theoretical dispersion curves for a single plate (solution
symmetric mode. Note that these two modes asymptotically of the Rayleigh—Lamb equations for= 0.9398 mm) are
approach the Rayleigh phase velocity abdwe 8000m again plotted as solid lines. Fig. 5(a) contains five modes
(approximately). There are five more modes with lower (possibly six modes, counting the peak above 9 MHz and
peaks at higher frequencies; these are the higher modes3000/m as a barely measurable mode) of a single plate (two
that carry less energy. Note that the higher modes havemodes less than shown in Fig. 4) but they are considerably
clear and definitive cut-off frequencies, indicating that different in appearance than in Fig. 4. The tape specimen
these higher modes only exist above a specific lower modes are notably less distinct (they are fuzzier) and not as
frequency value. Dispersion is clearly visible in all of the well shaped. More importantly, large parts of all modes
modes; they follow a curve in the beginning, and turn into have disappeared, when compared to the single plate—the
straight lines at higher wavenumbers (or frequencies). tape modes do not exist through as large-firange as the
Fig. 4 shows that there are a total of seven experimentally single plate. However, all the tape specimen modes still fit
“measurable” modes, through a bandwidth up to 10 MHz perfectly to the theoretically calculated dispersion curves of
(wavenumber up to 10,000/m), and these modes are ina single plate. In summary, the addition of the adhesive tape
excellent agreement with the theoretical solution. This to a single plate does not cause any frequency shifts in the
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Fig. 4. Contour plot of the frequency versus wavenumber spectrum of a singl€tptat29398 mm), with the theoretical solution of the Rayleigh—Lamb
frequency equations (solid lines).

dispersion curves, but the tape does “damp-out” portions of in Fig. 4) and they are well shaped and clearly distinguish-
the modes, entirely removing at least one mode. able. First, notice that the dispersion curves of the un-aged
Fig. 5(b) shows the dispersion curves of the same tapebond specimen are much more distinct (sharper) in compar-
specimen as in Fig. 5(a), but aged to condition 3. The mostison to the un-aged tape specimen (Fig. 5(a)). Next, note that
important feature of the dispersion curves of the tape speci-these bond specimen modes correspond to the modes of a
men in condition 3 is that modes (especially in the higher single plate(t = 0.9398 mm) and not to the modes of a
frequency regions) present in the un-aged state, vanish with(perfectly bonded) plate with thickness equal to the sum
aging. Note that condition 3 ages the bond specimen at aof its two constituent single platg&t = 1.8796 mn). This
very high temperature, in relation to the adhesive’s specified means that in the un-aged condition, the two plates of the
temperature tolerance, so chemical aging occurs. Since thebond specimen act independently of each other, as far as the
higher frequency modes that are present in the tape specidispersion curves are concerned. This independence is
men’s un-aged state disappear, the irreversible damagefurther verified by making measurements with the detection
associated with the chemical aging of this adhesive bond interferometer (optical probe) on the opposite (as opposed to
must be responsible for these experimentally observablethe same) side of the generation source; the source and
changes in the tape specimen’s dispersion curves. Notereceiver on the same side is the configuration used for all
that this trend of vanishing modes is not an artifact of the results presented in this paper (see Fig. 1). Each of these
experimental measurements, nor is it caused by changes irmeasurement configurations gives the same results—the
the aluminum plate (that could theoretically occur during dispersion curves shown in Fig. 6(a) [16]. This is interest-
the aging to condition 3). This fact is verified with a proce- ing, since even though the adhesive bond layer does not
dure where the tape is removed (with a chemical solvent) “link” the dispersion behavior of each individual plate
from the aluminum plate of a tape specimen that has beencomponent, the adhesive bond can transfer enough “energy”
aged to condition 3, and the measurements are repeated. Th# excite guided waves in the opposite plate. Finally, spatial
resulting dispersion curves are exactly the same as a singlealiasing is shown in the straight line (non-dispersive) peak
plate shown in Fig. 4 (see Ref. [16] for details). that appears near 7 MHz. This peak is the spurious con-
Now consider the bond specimens; Fig. 6(a) shows the tinuation of the intersection of the first symmetric and anti-
dispersion curves of a typical bond specimen in the un-agedsymmetric modes at higher wavenumbers; its slope is the
condition and the theoretical dispersion curves for a single Rayleigh phase velocity. This spurious peak appears in this
plate (t = 0.9398 mn) are again plotted as solid lines. Fig. set of dispersion curves (and not in any of the previous ones)
6(a) shows five modes of a single plate (two less than shownbecause this measurement uses a spatial step sigeof
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Fig. 5. (a) Contour plot of the frequency versus wavenumber spectrum of an un-aged tape specimen, with the theoretical solution of the Rayleigh—Lamb
frequency equations (solid lines) of a single pldte: 0.9398 mn). (b) Contour plot of the frequency versus wavenumber spectrum of same tape specimen in
condition 3, with the theoretical solution of the Rayleigh—Lamb frequency equations (solid lines) of a singlg¢ $!l&8398 mn).

0.40 mm (as opposed to 0.30 mm for the previous measure-shown in Fig. 6(a) is 7854/m—Fig. 6(a) is plotted to
ments), and the spatial “Nyquist wavenumbeit’/Ax) for a 8000/m, while all of the other figures (which use a
0.40 mm step size is 7854/m (as opposed to 10,472/m for a0.3 mm step) are plotted to 10,000/m.

0.30 mm step). As a result, the maximum wavenumber The bond specimen of Fig. 6(a) is first aged to condition
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Fig. 6. (a) Contour plot of the frequency versus wavenumber spectrum of an un-aged bond specimen, with the theoretical solution of the Rayleigh—Lamb
frequency equations (solid lines) of a single pléte= 0.9398 mm). (b) Contour plot of the frequency versus wavenumber spectrum of the same bond
specimen in condition 1, with the theoretical solution of the Rayleigh—Lamb frequency equations (solid lines) of a singles68898 mn). (c) Contour

plot of the frequency versus wavenumber spectrum of the same bond specimen in condition 2, with the theoretical solution of the Rayleigh—Layb frequen
equations (solid lines) of a single plate= 0.9398 mm).
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Fig. 6 (continued

1, and then to condition 2, see Fig. 6(b) and (c). The most evident that modes disappear with aging, no matter which
obvious trend in Fig. 6(a)—(c) is that the modes measured inaging path—un-aged to condition 1 to condition 2, or un-
all conditions fit the modes of a single plate of thickness aged to condition 3—is taken. A total of six bond specimens
0.9398 mm (the solid lines); the aged bond specimens and two tape specimens are tested, and they all show the
behave like a single plate, no matter how they are aged.same trends demonstrated in Figs. 5 and 6 [16].

Consider the transition from un-aged to condition 1—the

spectrum shown in Fig. 6(b) is not that different from the

spectrum in Fig. 6(a). Even after aging to condition 1, the 4. Analytical spring model for the bond specimen

bond specimen behaves in a similar fashion to the un-aged

condition. The lower aging temperatures (in relation to the  Previous researchers (e.g. Xu and Datta [17] and Mal
adhesive’s specified temperature tolerance) of condition 1[18]) developed analytical spring models to explain the
only physically ages the adhesive bond, a reversible processehavior of guided waves in bonded plates. In a similar
that does not permanently change the bond properties. Infashion, an additional portion of this research develops an
contrast, the irreversible damage of chemical aging (asso-analytical model of the bond specimen (shown in Fig. 2) by
ciated with condition 2) causes most of the modes that are considering the two plates and connecting springs (adhesive
present in the un-aged and condition 1 states to vanish inbond layer) as a single waveguide—one wavenumber—
condition 2. There is a dramatic difference between Fig. frequency (characteristic) equation for the entire bond
6(a)—(b) and Fig. 6(c), especially when noting that the specimen (see Ref. [16] for details).

straight line peak just above the first theoretical mode (the When the spring constants are calculated using the elastic
first antisymmetric) in Fig. 6(c) is the non-dispersive properties provided by 3M [12], this analytical spring model
“mode” of a pure shear wave. This peak is hidden in all predicts dispersion curves that correspond exactly to those
of the other figures by either the sidelobes (from the 2D- of a 0.9398 mm thick aluminum plate [16]. This verifies the
FFT) of the large amplitude first mode (the most common experimentally observed behavior of an un-aged bond
case), or this shear peak has such a small amplitude that it isspecimen in Fig. 6(a). The adhesive layer is relatively flex-
on the same level as the experimental noise—this is oftenible, so the dispersion curves for the bond specimen are
true for aged specimens, such as the tape specimen in Figidentical to those for a single plate (adherend)—the bond
5(b). By comparing Figs. 5(b) and 6(c), it is clear that the specimen behaves like a single plate of the thickness of the
trend of vanishing modes with increasing bond degradation independent adherends. Note that a similar behavior is
is present in both the tape and bond specimens. Finally, it isobserved in Refs. [7,9]. Since the bond specimen dispersion
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curves are insensitive to the properties of the adhesive, nobond specimen’s dispersion curves to monitor adhesive
frequency shifts are observed in the aged bond (and tape)oond stiffness.
specimens.

Finally, note that this analytical spring model does not
solve for amplitudes; the solution of the characteristic equa-
tion only provides a relationship between frequency and
wavenumber. As a result, this spring model cannot be
used to validate the experimentally observed changes in
amplitudes (disappearance of modes), as a function of
damage.
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