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Ultrasonic characterization of defective porcelain tiles
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The aim of this work is the optimization of ultrasonic methods in the non-destructive testing of sintered porcelain tiles
containing defects. For this reason, a silicon nitride ball, carbon black and PMMA (Polymethylmethacrylate) were imbedded
in porcelain tile granules before pressing to make special defects in tiles. After sintering at 1220°C, the time of flight of the
ultrasonic waves and ultrasonic signal amplitudes through the sintered porcelain tiles were measured by a contact ultrasonic
transducer operating on pulse-echo mode. This method can allow for defect detection using the A-scan. The results of the test
showed that the amplitude of the received peak for a defective part is smaller than for a part which has no defects. Depending
on the size, shape and position of the defect, its peak can be detected. Additionally, an immersion pulse-echo C-scan method
was also used to differentiate between defects in porcelain tiles. By using this technique, it is possible to determine the place
and shape of defects. To support the results of the ultrasonic investigation, a SEM characterization was also made.
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Caracterizacion ultrasénica de los azulejos defectuosos de la porcelana

El fin principal de este trabajo es la optimizacién de métodos ultrasénicos en la prueba no destructiva de azulejos sinterizados
de porcelana que contienen defectos. Por lo tanto, bolas del nitruro de silicio, negros de carb6n y PMMA (polimetilmetacrilato)
fueron encajados en granulos del azulejo de porcelana antes de presionar para hacer defectos especiales en azulejos. Después
de sinterizado en 1220°C, el tiempo de vuelo de las ondas ultrasénicas fue medido a través del azulejo sinterizado de la
porcelana. El tiempo del vuelo de ondas ultrasénicas fue medido por un transductor de contacto ultrasénico operando
en modo eco-pulso. Este método puede permitir la deteccién de defectos usando escaneo-A. Los resultados de la prueba
demostraron que la amplitud del pico recibido por partes defectuosas es mds pequefio que la parte que no tiene defectos.
Dependiendo del tamafio, de la forma y de la posiciéon del defecto. Su pico puede ser detectado. Ademds, un eco-pulse de
inmersién de del método pulse-echo escaneo-C también fue utilizado para distinguir defectos en azulejos de porcelana.
Usando esta técnica es posible determinar el lugar y la forma de los defectos. Para apoyar resultados de la investigacién
ultrasdnica, una caracterizacién SEM también fue realizada.

Palabras clave: El azulejo de porcelana, defecto, ultrasénico escaneo-A, ultrasénico escaneo-C, la caracterizacion SEM.

1. INTRODUCTION

Although historically nondestructive techniques (NDT)
have been used almost exclusively for the detection of
macroscopic defects in structures after they have been in
service for some time, it has become increasingly evident
that it is both practical and cost effective to expand the
role of nondestructive evaluation to include all aspects of
materials production and application. Currently, efforts are
being directed at developing and perfecting nondestructive
evaluation techniques which are capable of monitoring and
controlling the materials production process; the materials
stability during transport, storage, and fabrication, and the
amount and rate of degradation of the materials during their
service life (1).

Due to a discontinuity of detection and material
characterization in various engineering fields, ultrasonic
testing is a versatile NDT method, applicable to most materials,

whether metallic or non-metallic (2, 3). Measurement
procedures initially developed for metals have been
extended to engineered materials, such as composites, where
anisotropy and homogeneity have become important issues
(4). The determination of ultrasonic velocities can be used
to measure the modulus of elasticity or Young’s modulus of
materials, monitor the development of thermal shock damage,
characterize indirectly fracture toughness, R-curve behavior,
hardness depending on heat treatment, volume fraction
porosity and density (5-21). Recently, the ultrasonic test has
also been used to detect internal flaws in ceramics and other
materials (22).

A number of ultrasonic evaluation methods, such as A-,
B-, and C-scans can be used to study various types of flaw in
ceramic materials. The UT A-scan presents one-dimensional
defect information. With the oscilloscope view, the A-scan
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signal displays pulse and amplitude against time obtained
at a single point on the surface of the test piece which
can be used to analyze the type, size and location (chiefly
depth) of flaws. The UT-B scan displays a parallel set of UT
A-scans with two-dimensional data (i.e., the B-scan presents
defect distribution through the material’s cross section).
The UT C-scan is the most widely-used scanning mode,
as it provides a two-dimensional presentation of defect
distribution obtained over an area of the test-piece surface
(4, 5). This information can be used to map out the position
of flaws on a plan view of the test-piece. A C-scan format
also records time-of-flight data, which can be converted and
displayed by image-processing equipment to provide an
indication of flaw depth (23).

The reliability of ceramic materials can be enhanced
by an accurate rejection of products that contain critical
defects. Three main flaws currently found in ceramic works
are cracks, porosity, and inclusions; density and structural
variations may also greatly impair component performance
in particular situations. Quality control of the sintered
material was therefore achieved by means of ultrasonic
images allowing defect detection (24). Bhardwaj and et
al. investigated defected ceramics. In order to determine
the feasibility and detectability of defects in non-contact
ultrasonic mode, 1.5 mm diameter side drilled cylindrical
holes were made in green and sintered ceramics. From
observation of these, it is apparent that when ultrasound
encounters a discontinuity in its path of propagation, the
amount of energy transmitted is reduced, relative to that from
a defect-free region (25). Bhardwaj also investigated defect
free and internal cracks containing porous ZrO, refractories.
The refractories visually looked alike. However, when they
were examined ultrasonically, one produced results typical
of internal cracks. The amplitude of ultrasonic signals
decreased with the presence of cracks (26). Romagnoli
and et al. investigated detecting the delamination of green
and fired ceramic tiles using ultrasonic pulse velocity
measurement. They assumed that an increase in travel
time for a given thickness (i.e., decrease in travel velocity)
would indicate the presence of delamination, as the sound
wave has to travel around the flat pore (27). High-frequency
ultrasound NDT is being used to locate micron-range
defects, as well as to identify microstructural changes in
dense armor ceramics. While time of flight scans have been
used to show changes in thickness, acoustic wave velocity,
density and acoustic impedance, reflected signal amplitude
scanning has recently been employed to analyze attenuation
or loss through a test specimen (28). Brennan and et.
al. characterized three SiC samples of varying thickness,
fabricated different fabrication routes, with these being
characterized using pulse-echo ultrasound. C-scan imaging
was used to evaluate differences in both time of flight and
reflected signal amplitude over the area of each sample. The
results of the study emphasize the importance of utilizing
both reflected signal amplitude and time of flight C-scan
imaging to obtain a full range of ultrasound data for sample
comparison (29).

In this study, two ultrasonic methods (A- and C-scans)
were used in the detection of different defect types of
porcelain tile. Therefore, the defect effect on ultrasonic wave
attenuation was characterized. Additionally, the results
were supported by SEM analysis.
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2. EXPERIMENTAL PROCEDURE

Standard porcelain tile granules were used in the
preparation of samples in this study. The samples were
prepared by the uniaxial pressing technique in a 50 mm x 100
mm rectangular die by applying 450 kg/cm? pressure, and
then dried at 110°C. The Si )N, ball (2.9 mm), C black (5-10 yum
particles) and PMMA (0.1-0.3 mm particles) were placed into
Tile 1, Tile 2 and Tile 3, respectively. Sintering was carried out
in a laboratory kiln (Protherm plf 150/9) at 1220°C.

An Olympus Panametrics-NDT Model 5800 Computer
Controlled Pulser/Receiver was used for measurement of
the ultrasonic time of flight (t). The time of flight of the
ultrasonic waves (longitudinal waves) was measured using
a 1.27cm diameter contact ultrasonic transducer operating
on pulse-echo mode. The flight time is determined through
the thickness of the tile, which includes the time of the
sent ultrasonic signals from the top surface reaching to the
bottom of the tile and being reflected back (Fig. 1). The center
frequency of the transducer was 5 MHz. In this technique,
glycerol was used as a couplant material. The transit time was
determined with an accuracy of + 40 nsec. To measure the
number of dB or loss, the amplitudes of the backwall echoes
were used according to this equation (30):

2

A

=20log,, a4

=

number of dB =10 log,, jo [1]

where, A, is the amplitude of the defect and A, is the
amplitude defect-free parts of the inspected tiles. For the
C-scan analysis, the Dr. Hillger USPC 3040 DAC Industrie
system was used. C-scan imaging was performed on the
aforementioned tiles using a 6-12 MHz longitudinal focused
immersion transducer. The transducer had a diameter of
0.6 cm and a focal length of 15 cm. Tiles were placed in an
immersion tank and the z-position was manually adjusted
until the maximum signal was obtained. The top and bottom
surface peak reflections were identified on the oscilloscope,
and the bottom surface signal was gated so that the variation
of the signal could be collected as it traveled through each tile
in the x-y scanning frame. Using this technique, ultrasonic
amplitude measurements were performed using the pulse-
echo C-scan mode. As a result of these measurements, the
failure position and attenuation loss for failure and backwall
echo images were drawn. While failure echo images are drawn
with the failure echo peaks, backwall echo images are drawn
with the backwall echo peaks. The relative attenuation loss
range changed from 0 dB (greatest amplitude) to - dB values
(least relative amplitude). For the failure echo 0 dB shows the
areas attenuated by the defects, but for the backwall echo 0 dB

Direction
aff

4-Sean

A
i
i
|
I

v

Figure 1. Ultrasonic A-scan measurements through the tile.
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shows “‘good” or ‘dense’ regions. Failure positions show the
place of the defect through the thickness’ of the tiles from the
top surfaces of the tiles.

A conventional technique, scanning electron microscopy
(SEM), is commonly used to characterize the microstructure of
ceramics (31). In our study sintered samples were cut in parts.
For the SEM observations, a scanning electron microscope
(SEM) (Zeiss Supra TM 50 VP) was used in a secondary
electron (SE) imaging mode. By measurement of the scanning
electron microscope (SEM), characterization images for the
distance between the defect and the surface supported by
defect position information were obtained with the ultrasonic
A and C-scan.

3. RESULTS AND DISCUSSION

In order to determine the feasibility and detectability
of defects using the contact ultrasonic mode, defects were
imbedded in sintered ceramics. Fig. 2 (a) shows typical
transmitted ultrasonic signal as a function of the defect-free
part in the Si,N, ball containing the sintered tile (Tile 1).
The time of flight (t) for the defect-free part is 2.8 us and the
amplitude of the backwall echo is 55.2 V. Fig. 2 (b) represents
a typical transmitted ultrasonic signal as a function of the
defective region in the Si,N, ball containing the sintered tile.
The time of flight through the defective part of the tile is the
same as the time of flight through the defect-free part. The
sound waves travel through the tile (with some attendant loss
of energy) and are deflected at interfaces and/or defects. The
deflected beam can be displayed and analyzed to assess the
presence of flaws or discontinuities (5). The Si,N, ball defect
is smaller than the diameter of the transducer and the defect
did not alter the time of flight, but the defect decreased the
amplitude of the backwall echo to 52.4 V. Therefore, the Si,N,
ball defect was calculated as a -0.45 dB loss at the amplitude
of the wave in the measurement area of the transducer using
Equation 1. This resulted in a low echo which was observed
due to the Si,N, ball in Fig. 2 (b). It is difficult to see the Si,N,
ball defect in Fig. 3 (a, c) because the ball is spherical and
reflects ultrasonic signals with different angles (32). Due to
this reflection, the SiN, ball prevented ultrasonic signals
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Figure 3. C-scan displays showing the failure echo (a), the backwall
echo (b), and the failure position (c) part in the Si3N4 ball containing
the sintered tile.
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Figure 2. A-scan displays showing the time of flight representing the defect-free (a), and the defective (b)

part in the Si,N, ball containing the sintered tile.
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passing completely to the backwall, increased attenuation loss
(to -30dB), and can be seen in the backwall echo (Fig. 3 (b)). For
the failure echo, the ball created attenuation varying from -2 to
-28 dB. Due to the low values of these echoes, being very close
to 0 dB, it is not easy to determine the defect in the tile. The
Si,N, ball stayed spherical during firing (Fig. 4). The distance
and depth of the Si,N, ball in Tile 1 are not achieved using the
ultrasonic A- and C-scan.

Fig.5 (a) shows a typical transmitted ultrasonic signal as a
function of the defect-free part in the C black containing the
sintered tile (Tile 2). The time of flight for the defect-free part is
2.72 us. Fig. 5 (b) represents a typical transmitted ultrasonic signal
as a function of the defective region in the C black containing the
sintered tile. The time of flight through the defective part of the
tile is the same as the time of flight through the defect-free part.
The C black defect is smaller than the diameter of the transducer
and the defect does not alter the time of flight. In Fig. 5 (b), there
is a high echo due to the C black. Due to this high echo, the
amplitude of the backwall echo decreased from 41.6 V to 30 V.
The signals reflected from the defect are also seen in Fig. 5 (b) and
can be used to determine the depth of the defect position. The
difference in times of flight between the signal reflected from the
defect and the backwall echo is measured as t,=1.6 us in Figure 5
(b). Therefore, the defect position is 4.49 mm beyond the bottom
plane of the specimen. The thickness of tile is 7.62 mm and the
defect is 3.13 mm from the surface of tile.

When decibel calculation is performed with reference to
amplitude (41.6 V) and measured amplitude (30 V) using
Equation 1, the C black defect created a -2.84 dB loss at the
amplitude of the wave in the measurement area of the transducer.
The defect can be seen in Fig. 6 (a, b, c). For the failure echo, the
C black defect created attenuation varying from 0 to -24 dB. In
the C black defect, the echoes close to 0 dB are higher than that
of the Si,N, ball defect. Therefore, it is possible to see the defect
in tile. The backwall echo image was attenuated to nearly -28 dB
in Fig. 9 (b) by the C black defect. The C black was distributed
throughout Tile 2 and it appears in only a few parts at 1.8-2.2 mm
thickness but the main part appears at 2.7-4 mm thickness. When
the defect’s distance to the surface is measured with the SEM
(Fig. 7), it is 3.08 mm. This value is appropriate with the failure
place shown in Fig. 6 (c).
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Figure 6. C-scan displays showing the failure echo (a), the backwall
echo (b), and the failure position (c) part in the C black containing the
sintered tile.

Figure 7. SE image of C black defect.
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Figure 5. A-scan displays showing the time of flight representing the defect-free (a), and the defective (b) part in

the C black containing the sintered tile.
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Fig.8 (a) shows a typical transmitted ultrasonic signal as
a function of the defect-free part in the PMMA containing
the sintered tile. The time of flight for the defect-free part is
2.64 ps. Fig. 8 (b) represents a typical transmitted ultrasonic
signal as a function of the defective region in the PMMA
containing the sintered tile. The time of flight through the
defective part of the tile is not measured. When the backwall
signal is inspected (square) in Fig. 8 (b), it is smaller than the
failure signal (sphere). The signals reflected from the defect
are also seen in Fig. 8 (b) and can be used for determining the
depth of the defect position. The difference in times of flight
between the signal reflected from the defect and the backwall
echo is measured as t,=1.32 us in Figure 8 (b). The defect is in
the middle of the 7.40 mm thick tile. The PMMA defect’s size
is greater than the diameter of the transducer and the defect
prevents the ultrasonic signal’s from passing through. So, the
amplitude of the backwall echo decreased from 64 V to 4 V.

When decibel calculation is performed with reference
to amplitude (64 V) and measured amplitude (4 V) using
Equation 1, the PMMA defect created a -24.08 dB loss at the
amplitude of the wave. In Fig. 8 (b), there is a high echo due
to the PMMA. The defect can be seen in the PMMA containing
the sintered tile in Fig. 9 (a, b, ¢). The PMMA appeared in the
middle of Tile 3. The failure echo image attenuated from 0 to
-28 dB in Fig. 9 (a) and the highest echoes closing to 0 dB were
observed for this defect. The backwall echo image attenuated
to nearly -30 dB in Fig. 9 (b) by the PMMA defect. The failure
position changes from between 2.6-4.2 mm in Fig. 9 (c). When
the defect’s distance to the surface is measured with the SEM
(Fig. 10), it is 3.07 mm. This value is appropriate with the
failure position shown in Fig. 9 (c).

4. CONCLUSION

The detection and characterization of defects were
achieved by optimization of the use of ultrasonic techniques
for the non-destructive characterization of materials. Using
the A-scan, different defects were detected. Shape and size are
critical factors for detection. While the Si,N, spherical ball was
difficult to detect due to reflections resulting from its spherical
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Figure 9. C-scan displays showing the failure echo (a), the backwall

echo (b), and the failure position (c) part in the PMMA containing the
sintered tile.

Figure 10. SE image of PMMA defect.
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shape, the PMMA and carbon black were easily detected using
the A-scan. The results of the study demonstrate that shape
and size of defects determine dB losses. The PMMA defect
is greater than the size of transducer, so the PMMA defect
made a dB loss 10 times greater at the amplitude of the wave
compared with C black defect and a dB loss 50 times greater at
the amplitude of the wave compared with the Si.N, spherical
ball defect.

Evaluation and quantification of these defects were
obtained using the ultrasonic C-scan. The attenuation loss
of ultrasonic waves changes with the defects” deflection and
the scattering of the waves. When failure echo images were
compared, the highest echoes closing to 0 dB were observed
for the PMMA defect, meaning the PMMA made the highest
loss at attenuation. All defects were clearly detected via the
backwall echo images.

In the failure position results obtained using the C-scan,
different colors were assigned to the various time-of-flight
ranges to indicate the depth of the defects in the sample.
A-scan and SEM results, showing the distance between the
surface and the failure for the defect position, are in between
failure places measured using the ultrasonic C-scan for the
C-black defect and the PMMA defect. Consisting of particles,
these defects spread various thicknesses in the tiles. The
effect of thickness is clearly seen in the C-scan failure position
images. For the Si,N, ball, the defect position is not measured
using ultrasonic techniques due to the reflections from the
spherical surface.

As a result, defects which are perpendicular to the
ultrasonic waves can be easily detected using the ultrasonic
A and C-scans.
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