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Abstract
The objective of this work is to evaluate the feasibility of detecting damages caused by impacts in

fiberglass-epoxy composites using lead-zirconate-titanate (PZT) transducers. Impacts were created by a hammer
(unquantified energy) and an automatic impact system (quantified energy) in multiple composite sheets. The
mechanism of the damage detection relies on the impedance measurement by a low acoustic impedance (LAI)
transducer, which resonates in the radial mode rather than the regular thickness mode. The effect of surface
roughness was investigated by using specimens with different quantified surface roughness values. It was shown that
the final results are heavily affected by the rough surface and hard boundary conditions. Mainly, we aimed to
evaluate the efficiency of low acoustic impedance technique in the damage detection of composites. The tests were
carried out in the energy ranges of 10 to 54 joules. The surface of each specimen was gridded with a step size of 5
mm, and the impedance was measured for each location. The final results were normalized using a no-load condition
as the reference point. It was shown that the proposed portable and easy-to-use LAI setup could detect the damages
qualitatively. The normalized measured impedance was variable, but it showed a significant increase, in some cases

as high as 100%, on the impact’s region.
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1. Introduction

Composite structures are known for being susceptible to manufacturing defects and in-service damage. Since defects in
composites are not always visually apparent, Non-Destructive Techniques (NDT) are often employed to detect and quantify
damages [1-2]. Composite materials such as carbon-epoxy and fiberglass-epoxy plates are frequently used as structural
elements in both the civil and aerospace industries. Composite materials have numerous applications in the biomedical field as
well. For example, Monich et al. [3] reviewed the properties of PEEK composites for biomedical applications. Since the
applications for composite materials are steadily growing, demands for affordable and reliable inspection techniques for early
detection of damages are increasing. Structural Health Monitoring (SHM) provides a damage detection and interpretation
procedure that will lead to a higher degree of reliability and safety, and lower inspection and maintenance costs. Generally,
damages in composites appear in the shape of surface, transverse, and micro-cracks and also, delamination of layers, as
discussed by Naebe et al. [4]. The focus of this study is to evaluate damage in fiberglass composites, which are low-cost and
show good chemical properties for various applications. Different sources of damage, including environmental conditions,

impacts, and loads, have been selected for this group of composites and introduced by Croitoru et al. [5].

* Corresponding author. E-mail address: roberto.dugnani@sjtu.edu.cn
Tel: +86-21-34206765 Ext. 5181



International Journal of Engineering and Technology Innovation, vol. 9, no. 4, 2019, pp. 302-313 303

It has been shown that damages caused by the impact can severely decrease the durability of the structures and lead to
risky and costly failures, as reviewed by Agrawal et al. [6]. To avoid these failures, various NDT techniques have been
employed. Previous studies evaluated different techniques to localize and quantify the damages in composites. For example,
ultrasound scanning, thermographic inspection, PZT-based, and the vibration-based inspection have been used and compared
to detect the damages in composite structures [7-8]. Another study by Maierhofer et al. [9] investigated the thermographic
testing to evaluate damages in carbon fiber reinforced polymer composites. Other techniques, such as vibration methods [10]
and radiography [11] have been used to detect the damages in composite structures. Even though these techniques are capable
of providing various quantitative results regarding the damage, they are all relatively slow and expensive processes. In several
applications, it is more cost- and time-efficient to have a fast and qualitative technique for the primary evaluation of the
structures based on the daily routines. In this study, we discuss the LAI technique, which can be used to detect near-surface

damages in fiberglass-epoxy composites.

In general, PZT transducers have been used for ultrasound testing (UT) and PZT-based inspection techniques already
[12-14]. Although these PZT transducers have other capabilities such as energy harvesting as studied by Nezami et al. [15],
their main application remains in the field of SHM and NDT. In the case of SHM applications, these PZT transducers are
mostly embedded in or bonded to the host structures to monitor the mechanical impedance signatures. Recent studies provided
more features to identify and classify the conditions of damages. For example, using damage indices obtained from Gaussian
confidence ellipses of electrical admittance could improve the identification and analysis of damages [16]. In addition to the
expensive testing equipment and required expertise to analyze the data, acoustic techniques such as UT and PZT-based
methods have a limitation in detecting the near-surface defects, including the delamination of composites [17-18]. In the case
of near-surface defects, the echo lies within a wavelength of the propagated wave and cannot be detected properly [19]. Using
the impedance signature of the structures is not a new idea, but they have only been used in a regular thickness mode of the PZT
transducer [20-22]. The sensitivity of the impedance-based technique is related to several factors, for example, the coupling
interfaces [23]. We have shown that the radial mode resonance provides several advantages for SHM and NDT applications
[19, 24-25]. Briefly, in the radial resonance mode, we use the concept of self-sensing in PZT transducers, which was discussed
in detail by Dugnani [24]. The operational frequency of the thickness mode transducers is much higher than the radial ones.
Therefore the characteristic acoustic impedance of the thickness mode is one order of magnitude higher than the fluids and
polymer materials. To reduce this impedance mismatch, several intermediate matching layers are required to ensure the
efficient delivery of acoustic energy. The proposed impedance-based technique should not be confused or equated with the

regular electromechanical impedance (EMI) method.

The EMI method has been utilized for the last 2 decades by coupling (i.e., physically bonding) transducers to a structure
and using them to analyze the change in the resonant behavior of the structure (i.e., modal analysis). Examples of this use of the
EMI method can be found in the classic work of Liang et al. [26], which described the behavior of PZT transducers physically
bonded to a beam. In particular, Liang et al.’s approach monitored changes in the resonant behavior of the entire beam (i.e.,
variable monitored is the “structural stiffness” or the “resonant frequency” of the beam). In terms of hardware, the EMI method
referred by the reviewer utilizes transducer(s) which are physically bonded to the structure; its working principles relies on
comparing the modal response of the damaged and undamaged structure. Furthermore, the wavelength excited by the classic
EMI method is normally quite long since a large structure needs to be monitored (i.e., in the case of the beam, the wavelength

is comparable to the beam's length).

The proposed impedance-based technique is fundamentally different both in the hardware (the transducer is not
physically bonded to the structure and could be actuated in either radial or -more often- in the thickness mode), the nature of the
measurements (in our case the local, complex acoustic impedance is tracked), and the wavelengths utilized (the wavelength

must be comparable to the thickness, not the length of the structure). In the method presented in our paper, the structure only
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locally interacts with the transducer by affecting the acoustic signal's transmission and damping characteristics (the structure,
which is locally investigated through its thickness, behaves like a “transmission line” or an “acoustic filter”). Unlike the
classic EMI methods, our transducer can be positioned at any location on a structure to investigate the through-the-thickness
response at such location (i.e., a local debond essentially acts either like a shorter transmission line or a lossier transmission
line for highly damaged matrix). One huge advantage of our method over classic EMI methods is that, since the structure is not
excited as a whole, there are no “nodal” locations which could not be investigated by the transducer. Finally, the reason why
both we and Liang et al. use an impedance analyzer is because both the large-scale modal response of a structure and the local
acoustic impedance of a transmission line in series with our transducer are complex signals comprised of a phase and a

magnitude (commonly referred to by the generic term “impedance”).

2. Experimental Study

2.1. LAI PZT transducer

The effective acoustic impedance of PZT transducer for the radial resonance mode is lower than the thickness mode, Fig.
1, and changing the aspect ratio of the diameter and the thickness, in the case of the cylindrical transducer, will help to tune the
required acoustic impedance [24]. It is shown in Fig. 1 that the maximum dissipated energy by the transducer corresponds with
the minimum real part value of the admittance. Therefore, the maximum energy can be transmitted to the structure for the
radial resonance in lower acoustic impedances. This feature provides an advantage for LAI materials such as polymer
composites by eliminating the need for the matching layers. We verified the validity of this approach in the detection of
debonding in polymer materials [27] and also a primary experiment with the composite materials [25]. The current study

investigates the detection of damages in composites more precisely.
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Fig. 1 Real part of admittance for the radial and thickness modes [27]

2.2. Test setup

A ceramic PZT transducer, PZT-5A, with the resonance frequency of 245 kHz, diameter of 10 mm and thickness of 3.7
mm was provided by APC International Ltd (American Piezo Ceramics Ltd). To analyze the impedance, an evaluation board,
AD 5933, was provided by the Analog Devices Co. We designed and printed a frame for the experiment [27]. The schematic

view of the transducer, experiment setup, and the final fabricated transducer are shown in Fig. 2.

We then glued the PZT transducer to a flexible copper clad laminate using a conductive glue and soldered the terminals to
a coaxial cable. The cable was connected to the input sockets of the evaluation board, and the system was calibrated by a 50 Q

resistor. The frequency range was adjusted such that the resonance frequency falls on the mid-range. To have a reference point
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to normalize the measured impedance, the PZT transducer was excited in the air without any loading. The PZT transducer was
placed on the composite specimen and coupled by ultrasound gel. For each location, the acoustic impedance was measured and

stored. The collection of data was processed and plotted in Microsoft Excel or MATLAB.
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Fig. 2 Device and test setup [27]

The AD5933 program provided three types of measurements that can be used to study the sensitivity of the setup. These
three measuring parameters were impedance’s magnitude, frequency, and impedance’ phase. The impedance method has been
tested in several experiments and is the main idea of this study [24, 25, 27]. However, the frequency shifting and even the phase
change could detect the presence of defects, but they were not as certain as the magnitude of the impedance. Theoretically, it

was shown that the resonant frequency would not change significantly [19, 24].

2.3. The effect of surface roughness

Optimal coupling between the PZT transducer and the specimen plays a critical role in PZT related techniques [28].
Surface conditions may change due to the natural factors like corrosion or operational factors like damages by impacts and
external forces. In the case of very rough surfaces, trapped airs between the transducer and specimen reduce the efficacy of the
technique. To study the effect of surface roughness, a Polymethylmethacrylate (PMMA) disk was cut with a diameter of 100
mm and a thickness of 17 mm. One side of the disk was sanded in half with very rough and another half with semi-rough
sandpapers. The PMMA disk does not have a reflective surface. Therefore it needed to be coated by a reflective material so that
the optical profilometer could measure the roughness of the surface. The disk was then baked in the oven for 6 hours in 50 °C
and then placed in a vacuum chamber to remove all the trapped air. Then the specimen was coated by gold ion sputtering
(model E1045 manufactured by Hitachi Co). The estimated thickness of the gold coating layer is as small as 5 nm, to make sure
that the coating has minimum interference with the roughness of the surface. Both sides of the disk were coated as the
profilometer needed to measure the roughness of both sides. The optical profilometer WYKO NT1100, manufactured by
Veeco Co., has been used for measuring the roughness which adjusted the profilometry’s window automatically. The average

roughness of the surface was measured, and Fig. 3 shows the optical images of three surfaces with different roughness.

The profilometer device provided three average values of roughness, which are Ra (average roughness), Rq (root mean
square roughness) and Rt (Vertical distance between the highest peak and lowest valley). These measured values are given in
Table 1.



306 International Journal of Engineering and Technology Innovation, vol. 9, no. 4, 2019, pp. 302-313

@ Smooth surface (b) Semirough surface (c) Rough surface

Fig. 3 Optical profiler images of surfaces with different roughness

Table 1 Measured roughness values

Ra (um) | Rg (um) | Rt (pm)
Smooth 0.18 0.22 0.95
Semi- rough 4.71 5.11 14.49
Rough 15 15.91 33.88

The impedance was measured with two different boundary conditions. First, the disk was placed on an empty paper box
which simulates the air beneath of disk. Second, the disk was placed on a thick wooden table to simulate a solid boundary
condition. Both sides of the disk were gridded, and the impedance was measured at all points. The transducer was placed on
each section of the surface with different roughness values. An adequate amount of gel was employed to ensure the proper
coupling between the transducer and the specimen. The real part of impedance was measured for different locations by
manually moving of the transducer. To normalize these results, the impedance was measured for a case of the unloaded
transducer, means not in touch with the specimen and just free vibrating without any load. Then the measured results from the
specimen were divided by the unloaded case results. The average value of the measured impedance was then calculated and
normalized using the free resonance value of the PZT transducer. In the case of the hard-solid boundary, the average measured
impedance increased around 70% from smooth to rough surface, but the difference from smooth to the semi-rough surface was
as small as 5%. In the case of the soft boundary, the air beneath, the measured average impedance increased around 25% from
the smooth to the rough surface and almost 2% from the smooth to the semi-rough surface. The results show that in addition to
the surface roughness, the boundary conditions affect the measured impedance as well. The normalized impedances are shown

in Fig. 4.
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Fig. 4 Normalized measured impedance versus the roughness

2.4. Composite test specimens
A set of experiments was carried out to evaluate the efficacy of the impedance-based technique in the detection of impact

damages in fiberglass/epoxy composite plates. The composite plates that were used are FR4 Epoxy-Glass sheets, manufactured
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by Leadwin Co, (FR stands for the flame retardant). FR4 epoxy glass composites are alkali-free glass woven fabric base
saturated in epoxy resin binder with a 0/90-degrees layout. FR4 composites have high mechanical strength, dielectric
properties, and are resistant to heat and humidity. These composites have several versatile applications such as insulating
structural parts in electrical equipment. They are also used in the manufacturing of switches, standoffs, washers, arc shields,
relays, transformers, and screw strips. The frequency range for both unquantified and quantified impact energies was 230 ~ 260
kHz. Based on the dimension and characteristics of the employed PZT-5A, the first radial resonance mode appeared within this
range. The reference impedance AZ, was variable for different frequencies in the range, but for a resonance frequency of
245kHZ, AZ,was measured as 44021 Q.

2.4.1. Damage with the unquantified impact energy

Defect’s region

(a) Impact’s region (b) Superimposition of measured
impedance and impact’s region

= N W R~ 0N 0O

abc¢cde f gh i j k I mno

m04505 05-0.55 m055-0.57
(c) Contour surface plot of the measured impedance (d) x-ray test image

Fig. 5 Hammer impact’s characterization

Impact tests were carried out on FR4 plates with a length of 200 mm, the width of 180 mm and a thickness of 3 mm. The
defect was created by the hammering of the plate. As a preliminary experiment, we did not measure the energy of impact, but
the damage was clearly visible in the plate. The surface of the plate was gridded in 10 x 10 mm squares. The PZT transducer
was then coupled to the surface of the plate by the ultrasound transmission gel manufactured by Mibo Co. The PZT transducer
was not affected by the impact, and it was placed and moved over the surface after the impact. The coupling between the
transducer and the specimen was ensured by adding adequate gel and manual pushing the transducer over the surface. We
added a brief explanation in the text. The schematic view of the defect is shown in Fig. 5(a). The peak value of the impedance
magnitude was recorded at each location on the grid. The resonance impedance values were normalized using the free
excitation value of the PZT transducer in the air (AZg). The contour surface plot of data is shown in Fig. 5(c). The analyzed data
shows that the normalized impedance changes up to 25% when the PZT transducer reaches the damaged region. The
non-damaged region showed a normalized impedance (AZ/AZ,) range of 0.45 — 0.5, but when the PZT transducer passed the
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defective region, the normalized impedance increases to 0.5 — 0.55. Interestingly, we could also observe several ranges of
normalized impedance in the defective region. The visual evaluation of the specimen showed that some regions of the
specimen might receive higher impacts and the normalized impedance increased to the 0.55 — 0.57 range inside the region of
damage, which could be an indicator of the higher intensity of impact. The superimposition of measured impedance and the
region of impact is shown in Fig. 5(b). The damage did not have a symmetric shape, but it was contained in a square of 70 x70

mm.

The same composite plate was tested by the x-ray technique, XY-2515 flaw detector manufactured by Liaoning
Instrument Co. The specimen was under radiation for 210 seconds. The maximum applied voltage across the x-ray tube was
250 kVP (peak kilovoltage) with a 15mA current. The size of the focal spot is 44 mm with a radiation angle of 400 and a focus
film distance (FFD) of 600 mm. The resulting x-ray image is shown in Fig. 5(d) with the region of defect circled for

clarification. The x-ray test by XY-2515 could not detect the impact’s damage on the composite plate.

2.4.2. Damage with the quantified impact energy

Specimen 4 Specimen 7

(a) Middle /Normal lines of measurement (b) Fractured composite, E = 54 joules

(c) Drop weight impact tester

Fig. 6 Impact test and measurement setup

Seven samples of FR4 fiberglass — epoxy composites were cut in size of 150 x 100 x 35 mm. The setup and process of
testing were arranged based on Boeing BSS 7260 Type II, class 2, ASTM D7136/D7136M-05 standards which cover
measuring of the damage resistance of fiber reinforced polymer matrix composite plates that have been subjected to a drop
weight impact test. The CEAST 9350 impact system manufactured by Instron co. was used in this experiment, Fig. 6(c). The
testing device was a floor standing impact machine with the impact’s energy range of 0.59 — 757 joules. The specimen was
fixed in four corners with simple supports such that the test weight hits the specimen in the center. The dropping weight
simulates an impact on the composite specimen, and it was expected that higher impact’s energy could create more severe
damages which were larger in size as well. However, it was also expected that the energy of the impact would reach a threshold
which would lead to the fracture of the composite’s specimen. We started with the impact energy of 10 joules because the
damage size was small for energies lower than this, and we were interested in having a large enough damage to test our

proposed setup properly.
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We tested the impact energy for a range of 10 to 54 joules, and Table 2 shows the impact data for each specimen.
Although the impact’s energy is the dominant factor regarding the impact’s damage but based on the previous studies [29], the
different mass and speed of impactor with the same impact’s energy may change the shape of damages. The same phenomenon
was observed for the specimens no. 3, 4, and 5, which had the same impact’s energy, but the shapes of damage were not

identical.

Table 2 Impact’s specifications

Number | Energy (J) | Velocity (m/s) | Impactor diameter (mm) | Impactor mass (kg)
1 ~10 1.41 26 10.131
2 ~20 1.98 26 10.131
3 ~30 3.73 12.6 4.277
4 ~30 3.73 26 4.277
5 ~30 3.35 26 5.277
6 ~34 2.59 26 10.131
7 ~54 3.26 26 10.131

Following the impact, the PZT transducer was placed on the surface of the composite specimen, and the impedance was
measured at each point of the grid on the gridded specimen with the step size of 5 mm. The impedance measurement was done
for middle and normal lines of testing, as shown in Fig. 6(a). Also, the impedance has been measured over the surface of the
plate, and the results were introduced in the form of surface contour plots. The PZT transducer was placed on the surface after
the impact, and the impedance was measured for each location of the gridded surface by manually moving of the transducer
while the coupling was ensured by adding the adequate gel. The normalized impedance and the frequency plots for the
specimen no. 5 are shown in Fig. 7 as an example. The center region of the impact showed a higher normalized impedance,
0.6-0.8, the surrounding region showed a lower impedance, 0.4 — 0.6 and the healthy regions of the specimen showed the
reference measured impedance 0.2-0.4, Fig. 7(a). The frequency plot showed similar regions approximately, but there were
some regions like row 2 in the frequency plot, Fig. 7(b), which the source of elevated frequency was unknown. Therefore, we

preferred to use the impedance plots for our purpose.
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Fig. 7 Normalized measured results, specimen no. 5

3. Results and Discussions

We tested seven plates with different impact energies. The impact threshold for the fracture was found at 54 joules on the
specimen no. 7, which is shown in Fig. 6(b). Since the damage shape is almost symmetric, we decided to measure the
impedance over the normal and middle lines with the same length and step size. Then regarding the center of impact, both
measurements were averaged corresponding to their similar distance to the center of the impact. Using this technique, we could

combine both measurements on a graph with the standard deviation bars.
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Specimen 1

(a) Impact’s geometry, E=101J

Specimen 2

(¢) Impact’s geometry, E =20 J

Specimen 3

(e) Impact’s geometry, E =30J

Specimen 4

(9) Impact’s geometry, E=30J
Fig. 8 Normalized measured impedance over damages by the impact; E: Energy of impact

Geometry of impact for the specimen no. 1 is shown in Fig. 8(a) where the normalized impedance increased up to 0.8 at
the center of the impact which shows an increase up to 160% compared to the locations far from the impact’s center, Fig. 8(b).
Regarding the specimen no. 2 with the impact energy of 20 joules, the normalized impedance increased from 0.3 to 0.52 at the
center of impact where the geometry and normalized impedance are shown in Fig. 8(c) and (d). Like the previous specimens,
the peek normalized impedance increased from 0.35 to 0.87, from 0.33 to 0.87, from 0.24 to 0.96 and from 0.2 to 0.87 for
specimens no.3, no. 4, no. 5 and no. 6, respectively. The increased amount was significant enough to be used as an indicator of
damage due to the impact. Also, the approximate size of the damage can be estimated based on the graphs as well. For example,
the visible length of damage for specimen no. 3 is approximately 45 mm, and Fig. 8(f) shows that the normalized impedance
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increased in a range of almost 30 mm, which is comparable with the actual length of the damage.
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However, as we discussed before, our proposed LAI technique is mainly a qualitative approach, and introducing a
quantitative method was not the aim of this study. The sample impedance and frequency measurement over the surface of
specimen no. 5 showed the approximate geometry of the damage where the normalized impedance increased over the damaged
area, Fig. 7. The frequency shifting plot also detected the damage, but the plot was not as clear as the impedance measurements,

and therefore, it was difficult to interpret the results in the case of a blind specimen evaluation.
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Fig. 9 Averaged measured impedance over middle and normal lines

The impedance results verified that the LAI technique could detect the impact’s damage effectively. The normalized
impedance increased over the region of the damage for an average of 100% compared to locations without any damage. This
noticeable difference in measured impedance provides a reliable tool in qualitative and preliminary damage detection in
composites. Also, the geometry of the damage can be estimated accurately. In Fig. 9(a), normalized impedances were averaged
over the middle line, Ave (AZ/AZ,), and the standard deviations were calculated. This graph shows that the average normalized
impedance increased from 0.3 to 0.6 when the energy of impact increased from 20 to 54 joules. We were also interested to
know if we could estimate the minimum energy of impact detectable by the PZT transducer. On the other hand, we averaged
the measured impedance over the surface of specimens far from the damage’s region as an indicator of the healthy region. The
baseline was found at 0.2 for the healthy regions. Then the best-fitted curve has been applied to the average of measured
impedances. Since we were not sure which type of curve might fit the data points, we tested several curve fittings to have the
best coefficient of determination (R?) value and having zero impedance at zero impact energy as well. The final fitted curve
was a logarithmic curve which crossed the 0.2 baseline at the impact’s energy of 3 joules. Therefore, we assume that the 3
joules might be the minimum threshold of the energy that our setup can detect the damage for these specific specimens. The

plot is shown in Fig. 9(b).

4. Conclusions

In this study, we introduced a novel, cost-effective, and efficient LAI technique. This technique could effectively detect
the damage caused by impacts in fiberglass composite specimens. Briefly, the impedance signatures at different locations of

the structure are measured, and the presence of damages are detected using their effect on the measured impedance.

First, we studied the effect of surface roughness on the measured impedance. It was shown that boundary conditions have
a direct effect on the measured impedance magnitudes. The physical explanation of the soft and hard boundaries can be
addressed using the system of springs and dampers, which has been discussed in earlier studies. As the main objective of this
study, several FR4 fiberglass/epoxy composite specimens were tested using our proposed LAI setup. These specimens had
damages caused by quantified and unquantified impacts. Different levels of impact energy were evaluated, and the setup could

easily detect the damages for impact energies as low as 10 joules. The approximate geometry of the damages was also obtained.
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However, as we discussed, this technique is a qualitative method and can be used as a preliminary indicator of damages for

further investigations.

The future work includes optimizing the current setup in terms of accuracy and data collection. The evaluation board
could be more compact and assembled with the PZT transducer and its designed frame eventually. The current processing
software can be extended to a smartphone application program with wireless communication with the transducer. Lastly,
besides the SHM and NDT purposes, biomedical applications remain a very potential field for further investigation due to the

LAI nature of biological structures, as well.
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