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STRUCTURAL HEALTH MONITORING-ADHESIVE SELECTION
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Piezoelectric (PZT) wafers are widely applied in the field of Structural Health Monitoring
(SHM), and a common practice is to permanently attach them to the inspected struc-
ture using different types of adhesive systems. The effect of five adhesive systems on the
excitation of guided waves, in particular on the fundamental antisymmetric Ag and symmet-
ric So Lamb wave modes are experimentally assessed. The curing progress of the adhesive
systems at room temperature was monitored and the effect on signal magnitude is charac-
terized. In addition, the effect of the adhesive on the waveform and the propagation velocity
of the transmitted wave signals are investigated. The bondline thickness and the shear mod-
ulus of the adhesive system selected is considered in order to increase the magnitude of the
excited wave signals.

Keywords: adhesives, guided waves, piezoelectric wafers, structural health monitoring

1. INTRODUCTION

Over the past several decades, an enormous amount of research has been
directed toward developing Structural Health Monitoring (SHM) systems that
can be installed on various structures for ongoing scrutiny of their integrity,
with commensurate focus on the applicability of guided waves for detection
and characterization of flaws. As guided waves are sensitive to both surface
and internal structural damage, they have proved their proficiency and have
been widely used to develop various damage identification algorithms for
assessing delamination, debonding, holes, cracks/notches, and corrosion in
both composite and metallic structures [2, 9, 14, 16, 19]. Moreover, they have
great potential in reducing the cost of inspection and eliminate human errors.

The piezoelectric (PZT) wafers used for applications in the area of SHM
are normally attached to the host structure using a permanent adhesive. The
adhesive layer at the interface between the PZT wafers and the structure
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provides the mechanical coupling required to transfer the stresses and strains
between the two parts (i.e., the PZT wafers and the structure). The bonding
quality of PZT wafers effects their activation and sensing responses, and
therefore, it is very critical to have a clear understanding of the effects of
adhesive system on the interaction between the PZT wafers and the structure,
as poor bonding may result in false signals about the condition of the
monitored structure.

Several studies related to wave propagation behavior and electro-
mechanical impedance techniques using PZT elements have been performed
[10]; a modified electromechanical impedance model that treats the bond-
ing layer between the PZT element and the host structure as a spring mass
damper system was proposed by Xu and Liu [21]. Rabinovitch and Vinson
[11] focused on the strain transfer mechanism from the PZT wafer into the
host structure. They also conducted a sensitivity study investigating the effects
of the geometry and the mechanical properties of the adhesive layer on the
response of the aluminium panel. Later, a detailed derivation to integrate the
shear lag effect into impedance formulations was proposed by Bhallah and
Soh [1]. In addition, the shear-layer coupling between PZT wafer active sen-
sor and structure was analysed by Giurgiutiu [4]. Ha et al. [5] investigated the
effect of the adhesive layer on sensor signals with temperature variation, and
the thickness effect of the bond line was evaluated numerically and experi-
mentally. In addition, they studied the effect of the geometry of the PZT wafers
on the response of the wave signals.

Researchers working in the area of SHM have been using different types
of adhesive systems for attaching PZT wafers, including silver epoxy, loctite
adhesive, instant glue, thermoplastic tape, and araldite epoxy adhesive [3,
8, 14, 17, 20]. Selection of the adhesive system can be a challenging task
due to the wide range of adhesive systems available in the market; the dif-
ference among them is not readily apparent in terms of creating an optimal
coupling between PZT wafers and the host structure, which can determine
the performance of the PZT wafers in activating and sensing signals.

In this study, five common adhesive systems that are available to almost
everybody working in the field of SHM are experimentally assessed. The effect
of the adhesive on the excitation of guided waves (GW), in particular on the
fundamental Ag and Sp Lamb wave modes using PZT wafers mounted on
different substrates (CF/EP and aluminium plates) was explored. The curing
progress of the adhesive systems at room temperature (RT) is monitored, and
the effect on signal magnitude was investigated. In addition, the effect of the
adhesive on the waveform and the propagation velocity of the transmitted
wave signals was investigated.

2. SAMPLE PREPARATION AND EXPERIMENT SET-UP

Five pairs of PZT (PIC151, PQYY+0311) actuators and sensors (measuring
10 mm x 10 mm x 1 mm in size) spaced at 50 mm horizontally from each
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other were surface mounted on a CF/EP plate with quasi-isotropic lay-up
[+45, 0/90, £45, 0/90]; (600 mm in length, 400 mm in width, and 1.9 mm
in thickness) using five different adhesive systems, namely Loctite Super Glue
[71, five minute Araldite [12], 24 hour Araldite [13], Hysol EA9396, which
has excellent strength properties within a wide temperature range (=55 °C
to 177 °C) and is commonly used for aerospace applications [6], and the
fifth adhesive selected was a conductive silver epoxy (Breakover-Quick) [18]
consisting of two components which are often epoxy and silver particles.
The latter adhesive is typically to make an electrically conductive connection
with the lower surface of the PZT element when mounted on nonconductive
materials such as CF/EP panels. The actuators and the sensors are spaced
200 mm apart in the width direction as in Fig. 1. The PZT transducers were
mounted on the plate following the same procedure, whereby the substrate
surface where the PZT elements were attached was roughened using and
abrasive paper and then was cleaned with ethanol. Later the adhesive was
applied to both the PZT surface and the substrate, and they were then assem-
bled together. A uniform mass of 500 g was placed on the top of each PZT
and was retained for 12 hours to ensure proper bonding quality. Another five
pairs of PZT actuators and sensors of the same configuration were attached
to an aluminium plate (600 mm in length, 400 mm in width, and 2 mm in
thickness).

Activation and acquisition of Lamb wave signals were fulfilled using an
active signal generation and data acquisition system developed on the VXI

50 mm
-

OB RO MW

200 mm
400 mm

‘E B RON

600 mm
[ silver Epoxy B 5MinAraldite [l Super Glue

B 24 hour Araldite [C] Hysol 9396

FIGURE 1. Experimental setup of the five adhesive systems.
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platform, consisting of a signal generation unit (Agilent® E1441), signal ampli-
fier (PiezoSys® EPA-104), signal conditioner (Agilent© E3242A), and signal
digitizer (Agilent® E1437A). The bandwidth, frequency, and number of cycles
play an important role in determining the sensitivity of the Lamb wave modes
in identifying and locating damage, it also contributing to reducing the wave
dispersion (i.e., narrow bandwidth). Different window functions are used to
narrow the bandwidth of the Lamb wave mode, of which the best known is the
Hanning window. A five-cycle toneburst in a Hanning window with a contin-
uous sine wave at a central frequency of 250 kHz was used for demonstration
and is displayed in Fig. 2.

Thus, for the experiments in this section, five-cycle sinusoidal toneburst
was generated and applied to the PZT actuators, and the GW signals were
captured using the PZT sensors at a sampling rate of 20.48 MHz.

3. RESULTS AND DISCUSSION
3.1. Curing Progress of the Adhesive Systems

Adhesive systems often require a specific time period and temperature
level to fully cure in order to achieve their full strength. For instance, the
Loctite Super Glue needs 24 hours to fully cure, with the possibility of a
longer time needed depending on the humidity, the roughness of surfaces
bonded, and the amount of adhesive was used. On the other hand, the Hysol
EA9396 requires over 5 days to achieve full curing at RT. Considering the
scenario where a set of PZT wafers are bonded on a structure on a specific day
and then an experiment is conducted on the following day, the results should
be ensured to be reliable since the adhesive might still be going through

Normalised Magnitude

0 0.005 0.01 0.015 0.02
Time [ms]

FIGURE 2. Five-cycle toneburst enclosed in Hanning window.
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the curing process. The curing percentage of the adhesive was determined on
different days using the differential scanning calorimetry (DSC), and then each
pair of PZT wafers were used to actuate and sense GW signals (more detail
will appear in Section 3.2); later, any variation in the signal magnitude that
was introduced while the adhesive was curing was quantified in this study.

DSC is a recognized technique to evaluate the degree of cure of adhe-
sives. The DSC instrument can detect any change in heat flow or enthalpy of
test samples with a high degree of accuracy. A sample of uncured adhesive
can be scanned with DSC to determine a specific baseline enthalpy (AH),
which is done by integrating the area under the curve. Then, samples that are
in the curing process are scanned to obtain the residual enthalpy (AH,), the
ratio of residual enthalpy of the cured adhesive to the baseline enthalpy indi-
cates the degree of cure of the adhesive, and the percentage cure is calculated
using

. 1— AH,
/oCure_( NT ) x 100. (1)

DSC analyses were performed using TA Instruments™ with a ramp of
10.00 °C/min up to 180.00 °C; then this temperature level was held for
120 minutes, followed by a gradual decrease at the rate of 10.00 °C/min
until RT was reached. Samples of the five adhesive systems were placed on
microscope slides as shown in Fig. 3, which were used later for preparing
samples for the DSC testing; 10 or 20 mg were placed in pans for each test
that was performed on different days.

Figure 4 represents a sample of Hysol EA9396 adhesive, where the
uncured sample was tested to determine the baseline specific enthalpy which

(a) 5 minute Araldite (b) 24 hour Araldite

(¢) Hysol EA9396 (d) Silver Epoxy

(e) Loctite Super Glue

FIGURE 3. Adhesive samples for DSC testing.
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FIGURE 4. Curing percentage calculation with DSC for Hysol EA9396.

was found to be 537 J/g, and then another sample taken off the microscopic
slide after curing for seven days at RT was tested, and the residual enthalpy
was found to be 115 J/g. Based on the above enthalpy values, the curing was
determined to have reached 78%.

The curing percentage was determined for the five adhesive systems, and
the results are summarised in Fig. 5. After the first day of curing, it was noticed
that the Hysol EA9396 had cured up to 70%, and the curing percentages of
the silver epoxy, Super Glue, and 24 hour Araldite ranged between 85-95%,
but the 5 minute Araldite was fully cured. The curing of the silver epoxy and
the Super Glue progressed very slowly, and they were not fully cured even
after keeping the samples 30 days at RT. The increase in curing percentage
from day 1 to 30 was 2%, and therefore, the relation between the percentage
cure and time was almost linear. The Hysol EA9396 and the 24 hour Araldite
(high strength adhesives) experienced a clear increase in the curing percent-
age (ranging between 8-10%), bearing in mind that they still did not achieve
full cure after 30 days.

The following section will investigate the effect of the variation in curing
percentage of the adhesive systems on the strength of the Ag and the Sp Lamb
wave modes with different substrate panels.

3.2. Strength of Wave Signals

Lamb and Rayleigh waves (commonly excited with PZT wafers) are the
most frequently used GW for damage identification. The magnitude of the
wave is highly dependent on the bondline between the PZT wafers and the
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FIGURE 5. Curing progress of adhesives with time.

host structure. A wise selection of adhesive can result in a dramatic increase
in the magnitude of the excited wave signals, allowing the wave to travel
further before it is attenuated.

This section investigates the interaction of PZT wafers with different adhe-
sive systems, using aluminium and CF/EP plate substrates, in terms of signal
magnitude, wave propagation velocity and the variation in the waveform.
A range of frequencies were selected, starting at 20 kHz and increasing up to
300 kHz. Figures 6 and 7 show the captured transmitted Ag and So Lamb wave
modes (using the CF/EP plate) from the PZT pair with Hysol EA9396 adhesive
at the bondline excited at 20 and 200 kHz, respectively. A Hilbert transform
(191) was employed to precisely identify the peak magnitude of the Ag and the
So Lamb wave modes. The test was repeated on different days following the
attachment of the PZT wafers on the host structure (7 and 21 days).

3.2.1. Interaction Between PZT Wafers and CF/EP Substrate. The perfor-
mance of the PZT wafers that are attached to the CF/EP substrate were
evaluated. Figure 8 shows the magnitude of the Ag Lamb wave mode cap-
tured using various excitation frequencies for the five PZT pairs, where the
results were extracted from the experiments conducted three weeks after
the PZT wafers were attached to the CF/EP plate. It was observed that the
Loctite Super Glue possessed the highest magnitude for all the tested fre-
quencies, reaching a peak value of 100 mV at 60 kHz. Meanwhile, the Hysol
EA9396 performed as well as the Super Glue in the low frequency range (<
60 kHz), and the other three adhesive systems also produced an adequate
performance, in particular the silver epoxy.

The magnitudes of the So Lamb wave mode from the five PZT pairs (with
different adhesive systems) are summarized in Fig. 9. The Loctite Super Glue,
the 24 hour Araldite, and the Hysol EA9396 had similar performance, with
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FIGURE 6. Transmitted signal (Ao mode) excited at 20 kHz using the PZT actuator-sensor with Hysol
EA9396 at the bond line.

a peak magnitude varying between 370 mV and 400 mV at 180 kHz, but
the Super Glue had a superior performance when the excitation frequency
exceeded 220 kHz. The PZT pair with the silver epoxy at the bondlinehad
a poor response when the frequency reached 260 kHz, which became even
worse at the excitation frequency of 300 kHz estimated to be less than 25%
of the sensor response with 5 minute Araldite at the bondline (which had the
second lowest peak magnitude).

Experiments were carried after one and three weeks to the attachment the
PZT wafers on the CF/EP plate, and the sensor responses of the five PZT pairs
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FIGURE 7. Transmitted signal (So mode) excited at 200 kHz using the PZT actuator-sensor with Hysol
EA9396 at the bond line.

were compared as summarized in Figs. 10 to 14 for the different adhesive
systems used. The magnitude of the Ay did not exceed 100 mV for the five
different PZT pairs and the magnitude started to drop after 60 kHz until reach-
ing 20 mV at frequency of 100 kHz, the bell-shaped data in Figs. 10 to 14 is
due to the frequency (wavelength) dependency of the transduction efficiency
of the PZT element. The signal magnitude showed little variation during the
curing progress except for the PZT response with Super Glue at the bondline
where the difference was more notable, although the change did not exceed
25%. For the Sp mode, the maximum magnitude occurred at 180 kHz and
was recorded to be around 400 mV. Repetition of the experiment during the
curing process of the adhesive systems results in a change in the magnitude
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FIGURE 8. Comparison of the Ay mode for different adhesive systems after three weeks.
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FIGURE 9. Comparison of the Sy mode for different adhesive systems after three weeks.

of the signal, which increased with time, in particular at frequencies higher
than 220 kHz; however, the variations in the PZT response with silver epoxy
at the bondline were negligible (Figs. 10 to 14 showing results collected after
one and three weeks).

Further, it was noticed that the adhesive type could influence the wave-
form of the transmitted wave. Figure 15 shows the response of the five PZT
pairs at an excitation frequency of 200 kHz. The captured wave signal using
the PZT wafer with silver epoxy at the bondline showed another component
that appeared prior to the Sy peak, which was identified as electromagnetic
noise. A clear difference in the waveform appeared among the responses
of the five PZT pairs. Therefore, the change in the waveform was analyzed
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FIGURE 10. Curing effect on signal strength with the 5 minute Araldite adhesive.
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FIGURE 11. Curing effect on signal strength with the 24 hour Araldite adhesive.

to identify its effect on the central frequency of the collected signals and
the wave propagation velocity. The testing results obtained three weeks after
attaching the PZT wafers on the host structure were considered in this section.
Excitation frequencies of 20 and 200 kHz were selected in order to observe
the effect on the Ag and Sp Lamb wave modes, as the Ag mode is dominant
at 20 kHz and Sp is dominant at 200 kHz. The velocity was calculated based
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FIGURE 12. Curing effect on signal strength with the silver epoxy adhesive.
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FIGURE 13. Curing effect on signal strength with the Hysol EA9396 adhesive.

on the distance between the PZT pair and the time taken for the signal to
propagate from the actuator to the sensor, and the Fast Fourier Transform [15]
was employed to determine the central frequency of the collected signals.
The results are summarized in Table 1.

Using the difference between the minimum and the maximum recorded
values in Table 1, the variation in the wave propagation velocity of the Ag
and Sp Lamb wave modes was estimated to be 6 %. Also, the variation in the
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FIGURE 14. Curing effect on signal strength with the Super Glue.
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FIGURE 15. Variation in wave form of the transmitted Lamb wave mode excited at 200 kHz.

central frequency of the collected wave signals was determined to be 2% and
6% for the Sp and Ag Lamb wave modes, respectively.

3.2.2. Interaction Between PZT Wafers and Aluminium Substrate. A simi-
lar study to that described in Section 3.2.1 was performed with the five PZT
pairs attached to an aluminium substrate. Figure 16 summarizes the magni-
tude of the sensor response for the Ag mode using the five PZT pairs with
different adhesive systems at the bond line. The signal response was noted
to be within the same range for all the PZT pairs except for the silver epoxy
which had a much lower magnitude but followed the same trend. The Hysol
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TABLE 1 Effect of different adhesive systems on the propagation velocity and central frequency of the
transmitted Lamb wave modes excited at 200 kHz and 20 kHz, respectively

Adhesive system  Velocity [m/s] Central frequency [kHz] Velocity [m/s] Central frequency [kHz]

5 minutes Araldite 4051.4 188.4 606.2 20.07
24 hour Araldite 3934.6 184.3 570.5 21.3
Hysol EA9396 3853.2 188.4 606.2 20.07
Silver Epoxy 3897.2 184.3 560 20.5
Super Glue 4116.5 184.3 599.1 20.07
600 T T T T T T T -
Il 5 minute Araldite
[ 24 hour Araldite
500 | |0 Hysol EA9396 |
[ Silver Epoxy
Il Super Glue
< 400 - 1
E
o
S 300} 1
s
=)
©
= 200 J
100 | 1
Al

20 60 100 140 180 220 260 300
Frequency [kHz]

FIGURE 16. Comparison of the Ag mode for different adhesive systems after three weeks.

EA9396 had the highest magnitude at 220 kHz, but when the frequency
exceeded 220 kHz the Loctite Super Glue showed a significant increase in
magnitude relative to the other adhesive systems.

The Sp mode was also investigated, and the results are summarized in
Fig. 17. All the PZT pairs showed a similar performance except the PZT sen-
sor with the silver epoxy at the bond line which had a much lower response.
Again, the Super Glue showed a significant increase in the magnitude at
frequencies higher than 260 kHz.

Experiments were also carried one and three weeks after attaching the
PZT wafers on the aluminium plate, and the sensor responses of the five
PZT pairs were compared as summarised in Figs. 18 to 22 for the different
adhesive systems used. Repetition of the test on different occasions did not
introduce any change in the magnitude of both the Ay and Sp Lamb wave
modes.
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FIGURE 17. Comparison of the So mode for different adhesive systems after three weeks.
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FIGURE 18. Curing effect on signal strength with the 5 minute Araldite adhesive.

3.3. Thickness of Adhesive Layer

Because the adhesive systems used in this study had different viscosities
variation in the thickness of the bondline occurred. An attempt was made to
link the thickness of the adhesive at the bondline with the changes in mag-
nitude of the wave signals. The bondlines of the five adhesive systems were
measured using an electronic microscope after making a section cut through
the aluminium plate and the PZT. The images are shown in Fig. 23. The thick-
ness of the Loctite Super Glue, the 24 hour, and the 5 minutes Araldite varied
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FIGURE 19. Curing effect on signal strength with the 24 hour Araldite adhesive.
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FIGURE 20. Curing effect on signal strength with the silver epoxy adhesive.

between 15-25 pm, while the thickness for the Hysol EA9396 and the silver

epoxy varied between 90-120 pm.

Using the information from the previous sections, there appeared to be
a very clear effect of adhesive thickness on the strength of the transmitted
signal. The silver epoxy bonding line was very thick, resulting in a signifi-
cant decrease in the magnitude of the received signal. On the other hand,
the Hysol EA9396 also had a thick bondline but the transmitted signal had a
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FIGURE 21. Curing effect on signal strength with the Hysol EA9396 adhesive.
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FIGURE 22. Curing effect on signal strength with the Super Glue.

high magnitude, which is explained by the fact that the Hysol EA9396 had
much higher shear modulus than the silver epoxy. Therefore, to achieve ade-
quate performance it would be satisfactory to use either high shear modulus
adhesive, a thin bondline, or to combine those characteristics to achieve
optimal performance. Bear in mind that a thick adhesive layer can induce a
poor performance when exciting a high frequency, as shown in the previous
section.
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(a) 5 minute Araldite (b) 24 hour Araldite

(c) Hysol EA9396 (d) Silver Epoxy

50 pm
M

(e) Loctite Super Glue

FIGURE 23. Adhesive thickness from microscopic analysis.

4. CONCLUSION

PZT wafers used for applications in the area of SHM are normally attached
permanently to the host structure using different adhesive systems. The per-
formance of the PZT wafers in exciting GW is influenced by the adhesive type
used. In this study, five adhesive systems were selected and evaluated. These
were Loctite Super Glue, 5 minute Araldite, 24 hour Araldite, Hysol EA9396,
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and conductive silver epoxy. Based on the experimental investigation, it was
concluded as follows:

1. All the adhesive systems used showed an adequate performance, but the
Loctite Super Glue had a significantly better performance in particular at
high frequency, while the response of the sensor with conductive silver
epoxy at the bondline was very poor.

2. All the adhesive systems (excluding the 5 minute Araldite) did not fully
cure after 30 days. The curing progress effect on the signal magnitude was
minimal except at high frequency.

3. Despite the Super Glue exhibiting low shear modulus, the magnitude of
the sensor response was very high as a result of the small thickness of the
adhesive at bondline.

4. The shear modulus and the thickness directly affected the functionality
of the PZT. A high modulus and a thin adhesive layer were required to
achieve the optimum performance of the PZT.

5. Testing different adhesive systems resulted in a variation in the central fre-
quency and propagating velocity of the transmitted Lamb wave signals
which was estimated to be between 2-6%

Availability, handling, cost, and curing time are other criteria that should
be taken into the consideration for adhesive selection beside optimizing the
signal strength. Loctite Super Glue was chosen the best as it is easy to han-
dle and cures quickly. Moreover, it was cheap and readily available, and
therefore, it would be ideal for attaching PZT wafers for laboratory testing.
However, in real applications, high shear strength of the adhesive is required.
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