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Abstract: To date, the application of composite materials has been used throughout the globe due
to its advantages, such as corrosion resistance, high strength, design flexibility, and light weight.
However, the joining of composite materials is usually achieved with adhesives, where debonding of
parts can cause unexpected failure. Thus, detecting and locating defects due to impact or fatigue
stresses at an early stage is crucial to ensure safety. Various non-destructive testing (NDT) techniques
have been used to detect defects in composite structures, where this study proposes an improved
approach of using one of the NDT techniques to detect and locate debonding of glass fiber epoxy
plates. Here, the electromechanical impedance (EMI) technique is used with a new way of detecting
defects using a movable device. This idea could reduce the overall cost of the monitoring system as
the conventional EMI technique requires one to permanently attach a large number of piezoelectric
transducers when monitoring large structures. The performance of the proposed idea is tested
against another temporary attachment method to investigate the possibility of using the new idea for
monitoring debonding in composite structures.

Keywords: piezoelectric transducer; non-destructive testing; debonding; composite materials; dam-
age detection

1. Introduction

Glass fiber reinforced epoxy is one of the composite materials used throughout the
globe for its advantages, such as corrosion resistance, high strength, light weight, and
design flexibility [1]. Although composites are more expensive compared to common
metals, such as aluminum and steel, new applications are increasing with time in various
fields, including aerospace and civil structures. Composite material is more difficult to
evaluate in terms of quality control than traditional materials (such as steel) as it is made
with materials with different mechanical properties. When using composites, defects,
such as debonding, delamination, and cracks, can occur due to impact or fatigue stresses,
and detecting these damages at an early stage is critical to ensure safety. For detecting
damage, various non-destructive testing (NDT) techniques have been developed for testing
composite structures. Damage detection methods can be categorized into contact and
non-contact methods, where contact methods include electromagnetic testing, eddy current
testing, and ultrasonic testing [2-5]. Non-contact methods include holography, infrared,
and thermography. It is usually used for situations where physical contact between the
target structure and sensor is not possible [6-8].

In this study, a new way of conducting one of the contact methods known as the
electromechanical impedance (EMI) technique is investigated. The EMI technique requires
one to permanently attach the piezoelectric transducer onto the target where an impedance
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measuring device is used to measure impedance, usually before and after damage, to
identify the existence of damage [9-12]. Permanently attaching the PZT transducer can
allow one to monitor a structure in real-time. However, for large structures, it can be costly
as the sensing range of the EMI technique is small, and many PZT transducers would be
required. Thus, to overcome this problem, attempts have been made to create the EMI
technique that allows one to temporarily attach a PZT transducer to cover a large area with
a single PZT device [13]. Although more research is required to solve the existing problem
of the temporary attachment EMI technique, the previous research required one to attach
and detach the PZT device manually. In this study, the proposed roller device is designed
to be simply rolled onto the surface of a composite structure for detecting damage. Here,
tests were conducted to evaluate the performance of the proposed idea against one of the
temporary attachment PZT devices mentioned previously.

2. Temporary Attachment Methods with the EMI Technique

The experimental setup for this study is shown in Figure 1, where the AD5933 evalu-
ation board was connected to the computer with the software provided by the provider,
Analog Devices Co., (Norwood, MA, USA). The software performed the EMI technique,
which measured the electrical impedance of the PZT transducer (model 5A4E, purchased
from Piezo.com, accessed on 13 October 2021, Woburn, MA, USA). Here, Equation (1)
shows that electrical admittance (the inverse of impedance), Y (w) directly relates to the
mechanical impedance of the structure, Zs(w), and the attached PZT transducer, Z,(w).
This means that any changes in the structure will change its mechanical impedance, which
can be detected by monitoring the electrical impedance of the attached PZT patch [14].

. . . —E
Rest of the variables in the equation I, V, w, a, 853, 0, dzy, Y, are the PZT output current,
PZT input voltage, input frequency, geometric constant, dielectric constant, loss tangent,
piezoelectric constant, and Young’s modulus, respectively.

V(@) = iwn (1 -18) = 7B M)

&
]

Computer
equipped
with analysis
software

device’ for
comparison

§ AD5933
; evaluation
R board .

Figure 1. Photo of both temporary attachment devices with AD5933.

The AD5933 evaluation board can measure impedance up to 100 kHz with 500 data
points where it is fully powered by the data cable. For this study, the new concept of
using a roller device labeled ‘Case 1’ in Figure 1 was investigated. The top surface was
55 mm x 30 mm which is wide enough for a 15 mm square PZT to be attached, as shown
in the figure. The wheel located at the bottom, with a diameter of 30 mm, allowed the
device to be moved freely on any surface. The performance of this ‘roller device” was tested
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in the next section to investigate the possibility of the proposed idea. Since the device
was made of metal, the vibrations from the PZT transducer should be enough to travel to
the bottom of the wheel to detect defects. To compare this idea with another temporary
attachment method, a 15 mm x 20 mm metal (3 mm thickness) with a 13 mm square PZT
attached on top was used to evaluate the performance difference between the two cases.
The major difference between the two cases was that the ‘re-attachable device” of case 2
required one to use a double-sided tape to detect damage. This can be time-consuming for
large composite structures. On the other hand, the roller device (case 1) just needed to be
placed on top of the composite structure where the weight of the device should be enough
to detect any changes in structure (such as debonding).

3. Debonding Detection Experiment Subjected to Different Attachment Method

The roller device and the re-attachable device shown in Figure 1 were tested on
two different composite structures to evaluate the performance of the two devices. In
Figure 2, the two test specimens made for this study, Structure A and B. Structure_A
was created by attaching two glass fiber epoxy plates of size 150 mm x 150 mm with
two different thicknesses of 0.2 mm and 0.4 mm are shown. For adhering to the compos-
ite plates, a commercial epoxy (quick-set Epoxy, Loctite, Diisseldorf, Germany) was used
where the specimen was left for 48 h to ensure full curing. Only half of the area was adhered
to search for differences in impedance signature as this would indicate that the proposed
idea works. For both the roller device and re-attachable device, 10 impedance measure-
ments were acquired from the bonded area and debonded area for Structure_A. With the
roller device, it was simply placed on top of the specimen for measuring impedance signa-
ture and moved to another random location for another measurement until 10 signatures
were acquired for both bonded and debonded areas (resulting in 20 impedance signatures).
For the re-attachable device, double-sided tape was used to achieve temporary attachment
between the device and the composite plate to acquire 10 impedance signatures for both
bonded and debonded areas. Then, this test was conducted identically for Structure_B,
where the top composite plate thickness was changed to a thicker plate of 0.4 mm to
evaluate the performance of the roller device subjected to a different thickness.
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Figure 2. Composite structure specimens created for this study.

4. Results and Discussion
4.1. Experimental Results and Visual Analysis of Both Temporary Attachment Devices

Figures 3 and 4 show all impedance signatures described in the previous section.
Figure 3a,b represents the impedance signatures using the re-attachable device where the
dark orange-colored lines and light orange colored lines represent debonded and bonded
area signatures, respectively. Although variations in signatures can be seen, one can clearly
identify the difference between the two groups of signatures. The first observation was that
the signatures from the debonded area had higher impedance peak amplitudes compared to
the bonded area signatures for both figures. For Figure 3a involving the test on Structure_A,
the heights of most of the signatures for the debonded area were around 8 kOhms, where
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the heights of the signatures for the bonded area were all less than 7 kOhms. Thus one
can visually identify the difference between two different areas. Figure 3b shows a similar
outcome using a thicker top plate of 0.4 mm where the heights of the impedance signatures
from the bonded area had an amplitude of less than 7 kOhms as well. However, when
the measurement was taken from the debonded area, the peaks generally shifted in the
left direction (from around 35 kHz to 34 kHz), with most of the signatures resulting in
over 7 kOhms. The reason for the increase in peak amplitudes when moving from bonded
to debonded area is that with the debonded area, the top plate is free to vibrate in the
thickness direction, resulting in higher amplitude. This is why with Figure 3b, the peak
amplitudes for the debonded area were lower compared to Figure 3a since the thickness
was twice the size, restricting vibration in the thickness direction.
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Figure 3. Impedance signatures measured from bonded and debonded areas using the re-attachable
device for (a) 0.2 mm top plate; (b) 0.4 mm top plate.

16 ———— 16 —
14 | 14 ]
E 12 [Debonded are;;‘r:l E 12 |Debonded area.
o) (Dark blue) 5 (Dark blue)
=10 Vs il =10 s
o Bonded area || @ Bqnded area
€ g | (lghtblue) |1 2 g | lightblue)
X . o
8 5] ™ a 6
E Y . E
4 | 4
2 . 2
20 25 30 20 25
Frequency(kHz) Frequency(kHz)
(a) (b)

Figure 4. Impedance signatures measured from bonded and debonded areas using the roller PZT
device for (a) 0.2 mm top plate; (b) 0.4 mm top plate.
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Figure 4a,b represents impedance signatures using the roller device where the dark
blue colored lines and light blue colored lines represent debonded and bonded area signa-
tures, respectively. For both figures, signature variations were hardly noticeable by visual,
and even with the zoom in at 24 kHz, it was very difficult to distinguish the difference
between signatures from bonded and debonded areas. With the zoom-in, the variations
in signatures existed, but one could say that this variation was due to the replacement
of the roller device. Since the EMI technique used a high-frequency range over 20 kHz,
replacing the roller device randomly onto another location can cause the signature to
change, as shown in the figure. With the resonance peaks located at around 28 kHz, more
variations in the signatures can be visually identified for Figure 4a when compared to
Figure 4b. This result was quite similar to Figure 3, where the difference (the resonance
peak difference between bonded and debonded area) was larger for Structure_A compared
to Structure_B due to a thinner top plate of 0.2 mm. Comparing both Figures 3 and 4, it was
clear that using the re-attachable device (Figure 3) can clearly distinguish between bonded
and debonded areas. However, with the newly proposed idea of roller device, uncertainty
remained as signature variations seemed to be random when zoomed in closely at the
resonance peak of 24 kHz. Thus, further analysis is required to confirm the possibility of
using the roller device for detecting defects in composite structures.

4.2. Statistical Analysis on Acquired Impedance Signatures

In the previous section, the acquired impedance signatures were visually analyzed to
roughly investigate how the impedance signatures varied subjected to different areas and
PZT attached devices. In this section, a statistical method known as the root mean square
deviation (RMSD) after averaging the impedance signatures was used to quantify the size
of the difference for impedance signatures. The RMSD metric was used to analyze the EMI
technique in general, as it has been found to be effective in identifying damage. Here, Z
and Z; represent the signatures before and after damage, respectively. The variable N in
the equation represents the number of the impedance signature:

RMSD = /Y [Re(Z:) — Re(27) ]2/ L [Re(2)]? @

Figure 5a,b shows the averaged impedance signatures for Figures 3 and 4, respectively.
The 10 impedance signatures were averaged to create each line shown in the figure. For
Figure 5a, the clear difference is seen between impedance signatures where the resonance
peak increased from 6.5 kOhms (labeled ‘02_bo’) to 7.6 kOhms (labeled ‘02_de") when
moving from boned area to debonded area. Here, a RMSD of 5.75% was calculated. Next,
with the thicker top plate, the resonance peak increased from 6.6 kOhms (labeled ‘04_bo")
to 7.2 kOhms (labeled ‘04_de’) when moving from bonded area to debonded area. Here,
a RMSD of 7.51% was calculated. Next, with Figure 5b, since there was a very small
difference between the impedance signatures, the graph was zoomed-in between 24.1 kHz
and 24.5 kHz to visualize the difference in impedance signatures. With the figure, there
is a clear difference between the bonded and debonded areas where the resonance peak
increased from 12 kOhms (labeled ‘02_bo") to 13.5 kOhms (labeled ‘02_de’) when moving
from bonded area to debonded area. Here, a RMSD of 2.47% was calculated. Next, with
the thicker top plate, the resonance peak increased with a similar height from 12 kOhms
(labeled ‘04_bo’) to 13.5 kOhms (labeled ‘04_de’). Here, a RMSD of 2.68% was calculated.
Comparing both RMSD values, similar experimental values showed that the thickness did
not significantly affect the outcome. However, with the thicker plate of 0.4 mm, we can
see that the resonance frequency was higher (right shift) compared to using a top plate of
0.2 mm. This promising outcome shows the possibility of using the proposed roller device
for detecting debonding of composite plates.
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Figure 5. Averaged impedance signature signatures from (a) Figure 3; (b) Figure 4.

5. Conclusions

In this study, a new method of conducting the EMI technique was proposed and
tested to evaluate its possibility for detecting debonding of composite structures. The
idea of using a roller device by attaching a PZT transducer was experimented with on
a glass fiber epoxy plate with two different thicknesses. The results were compared to
another temporary attachment method to evaluate its performance, and the results showed
that the newly proposed idea could detect debonding of composite plates. For the actual
experiment, two composite structures were created using 150 mm squares with different
thicknesses of 0.2 mm and 0.4 mm. With each composite structure, half of the area was
adhered, using a commercial adhesive, where the newly proposed roller PZT device was
used to measure impedance signatures on the bonded and debonded areas. Ten impedance
signatures were randomly measured at each area where this was analyzed using a statistical
metric known as root mean square deviation (RMSD). Here, the re-attachable device that
was created in a previous study was compared to the newly proposed roller PZT device
in this study. With the roller PZT device, the signature variations were very small, and it
was virtually impossible to visualize the difference between the bonded and debonded
area. However, when the impedance signatures were averaged and zoomed in to take
a look at the signature closely, the results were promising, as the RMSD values of 2.47%
and 2.68% were calculated when comparing the averaged impedance signatures from the
bonded and debonded areas. Although that the thickness of the top composite plate did
not significantly affect the RMSD values, one can see that the resonance peak increased
when moving from the bonded to debonded area as the top plate was free to vibrate,
allowing resonance with higher amplitude. Thus, using this fact, the roller PZT device
could detect debonding of composite structures as the defect areas would result in higher
resonance peaks. In addition, since the roller device can easily travel over any surface, the
proposed idea could also be made into a robot device with wheels to develop a system that
can automatically detect structural damage.
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