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Abstract: This work aimed to identify defects in aluminum plates by analyzing the module and
phase angle of the electrical impedance of piezoelectric ceramics. Five aluminum plates with
three centrally aligned holes in the center of the plate, and one reference plate (without holes)
were used. Four ceramic discs were fixed to each of the six plates, and the impedances were
compared using the root mean square deviation index (RMSD). The results showed that the
method can be used for material characterization using the vibration modes of the ceramics.
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Background, Motivation, and Objective
Piezoelectric ceramics coupled with different materials
for defect evaluation offer a low-cost alternative for
performing non-destructive tests (NDT) and material
characterization to be applied in various areas, in-
cluding biomedicine, the construction industry, naval,
aeronautics, mechanical, physics, and others [1]–[7].

These kinds of NDT have been used for a long time
and can still be innovative today. Some applications
use the electrical impedance of piezoelectric ceram-
ics [1]–[4]; the propagation of Lamb waves through
the materials [8]–[10]; the instantaneous phase, at-
tenuation, and speed of ultrasound waves measured
using the pulse-echo or the transmission-reception
methods [2], [5]–[7], [11], [12]; 2D and 3D images
acquired using the B-mode scan; among others [7].

This work aimed to identify defects in aluminum
square plates by analyzing the electrical impedance of
piezoelectric ceramics coupled in different positions
of these plates.

Materials and Methods
Six aluminum plates measuring 500 × 500 × 5 mm³
were used, one of which, without holes, was the refer-
ence plate. The others had three holes of the same
diameter, aligned in the center of the plate, 250 mm
from each side where the ceramics were placed and
125, 250, and 375 mm from the edges where there
were no ceramics, simulating defects with 2, 4, 6, 8,

and 10 mm in diameter. Four piezoelectric ceramic
discs of APC 855 type (12.7 mm diameter and 2.0 mm
thickness) were fixed to each of the six plates using
conductive silver-based glue. The ceramics were all
placed on the same side of the plate, one close to
the bottom edge (centered at 250 mm – PR), and
three close to the top edge (centered at 125 mm –
P1, 250 mm – P2, and 375 mm – P3), as shown in
Fig. 1(a). The module and phase angle of electrical
impedance were measured in each ceramic disc on all
the sample plates using an impedance analyzer (model
4294A, Agilent Technologies). Fig. 1(b) presents the
block diagram of the setup used to measure the elec-
trical impedance of each ceramic disc coupled to the
sample plates.

The impedances were compared in three ranges
(40 kHz to 1.3 MHz – all vibration modes, 150 kHz
to 200 kHz – radial vibration mode, and 950 kHz
to 1.3 MHz – axial vibration mode) using the root
mean square deviation index (RMSD), as in Eq. (1)
[4], where Zn,r is the impedance module in the ref-
erence plate, Zn,s is for the sample plate containing
defects, n corresponds to the measurement obtained,
and p (801 points) is the total number of measure-
ments comprising the range of frequencies used in the
impedance analyzer.

RMSD =

√∑p
n(Zn,s − Zn,r)2∑p

n Z
2
n,r

(1)
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Fig. 1: (a) Sample plate with the ceramic discs APC
855 (12.7 mm × 2.0 mm) fixed using conductive silver-
based glue; (b) Block diagram of the system used to
measure the electrical impedance of the piezoelectric
discs coupled to each of the six sample plates.

Results and Discussion
The module and phase angle of the electrical imped-
ance obtained for a free APC 855 ceramic disc are
shown in Fig. 2(a). It is possible to see all vibration
modes in the frequency range of 40 kHz to 1.3 MHz.
Fig. 2(b) shows the impedance modules for the six
free ceramics before they were fixed in the position
PR, see Fig. 1(b), of the aluminum plates, showing a
similar module for all of them.

(a)

(b)

(c)

(d)

Fig. 2: (a) Electrical impedance for a free ceramic
disc APC 855 showing a frequency range (40 kHz
– 1.3 MHz) that includes all vibration modes; (b)
Module of the impedance for all six free ceramics
before they were fixed in the position PR of the six
plates; (c) Electrical impedance for a fixed ceramic
disc in the position PR, see Fig. 1(b), of the reference
plate, showing the changes in the vibration mode
when compared with the results shown in (a); (d)
Impedance module for the six ceramics fixed in the
six plates (the reference plate, and those with holes
of 2, 4, 6, 8, and 10 mm).
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When one of the ceramics was fixed in the position
PR of the reference plate, changes in the vibration
modes were observed, as shown in Fig. 2(c). Fig. 2(d)
shows the changes for the impedance module after
the six ceramics were coupled to the six aluminum
plates (the reference plate and those with holes of 2,
4, 6, 8, and 10 mm). These kinds of changes were
also observed in other studies [1]–[4].

Fig. 3(a) presents the impedance modules for the
ceramics coupled to the six aluminum plates for the
radial vibration mode (frequency range of 150 kHz –
200 kHz), and Fig. 3(b) presents the curves for the
axial vibration mode (frequency range of 950 kHz –
1.3 MHz).

(a)

(b)

Fig. 3: Impedance module for the six ceramics fixed
in the six plates (the reference plate, and those with
holes of 2, 4, 6, 8, and 10 mm) for (a) the radial
vibration mode in the frequency range of 150 kHz –
200 kHz, and (b) for the axial vibration mode in the
frequency range of 950 kHz – 1.3 MHz.

The RMSD values obtained for the ceramics located
in the PR position for the reference plate and the
defective samples (with holes of 2, 4, 6, 8, and 10 mm)
in the frequency range involving all vibration modes
(40 kHz to 1.3 MHz) are shown in Fig. 4(a). The
values for the radial vibration mode (150 kHz to
200 kHz) are shown in Fig. 4(b), and for the axial
vibration mode (950 kHz to 1.3 MHz) in Fig. 4(c).

The RMSD results for the other ceramics at posi-
tions P1, P2, and P3 in all vibration modes (40 kHz

(a)

(b)

(c)

Fig. 4: RMSD values obtained for the ceramics loc-
ated in the PR position for the reference plate and
the defective samples (with holes of 2, 4, 6, 8, and
10 mm) in the frequency range involving (a) all vi-
bration modes (40 kHz to 1.3 MHz), (b) the radial
vibration mode (150 kHz to 200 kHz), and (c) the
axial vibration mode (950 kHz to 1.3 MHz).

to 1.3 MHz), radial modes (150 kHz to 200 kHz), and
axial modes (950 kHz to 1.3 kHz) for the reference
plate and the defective samples (with holes of 2, 4, 6,
8, and 10 mm) are shown in Tab. 1.

Conclusion
The results’ analysis showed that the RMSD between
the samples with defects and the reference sample
can be used for material characterization using all
the vibration modes of the ceramics or the radial and
axial modes alone. Since the radial mode involves
a lower frequency range, more straightforward and
cost-effective electronic circuits can be designed to
operate in this frequency range.
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Tab. 1: RMSD values for the ceramics at positions
P1, P2, and P3 (see Fig. 2) in all vibration modes
(40 kHz to 1.3 MHz), radial mode (150 kHz to 200
kHz), and axial mode (950 kHz to 1.3 kHz) for the
reference plate and the defective samples (with holes
of 2, 4, 6, 8, and 10 mm).
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