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Abstract

®

CrossMark

A laser photoacoustic technique has been developed to evaluate the surface acoustic wave
(SAW) velocity of porcelain. A Q-switched Nd:YAG laser at 1064 nm was focused by a
cylindrical lens to initiate broadband SAW impulses, which were detected by an optical fiber
interferometer with high spatial resolution. Multiple near-field surface acoustic waves were
observed on the sample surface at various locations along the axis perpendicular to the laser
line source as the detector moved away from the source in the same increments. The frequency
spectrum and dispersion curves were obtained by operating on the recorded waveforms with
cross-correlation and FFT. The SAW phase velocities of the porcelain of the same source are
similar while they are different from those of different sources. The marked differences of
Rayleigh phase velocities in our experiment suggest that this technique has the potential for

porcelain identification.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The study of surface characteristics, such as density, Young’s
modulus and the roughness of ceramics, is one of the most
significant tasks in archaeology. The surface characteristics
are different from one to another due to their provenance, age
and manufacturing process. Since the 18th century, archae-
ologists, historians, chemists and physicists have developed a
variety of methods to study artifacts and ancient objects [1, 2].
Among the various techniques, elemental analysis is the most
widely used method, but most of them are destructive or
require sample preparation. Relying largely on the progress
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in modern techniques and data analysis systems, the study on
ceramics has been developed rapidly in the last 50 years.
Presently, the most prevalent methods used for the charac-
terization of a broad variety of ancient artifacts are: neutron
activation analysis [3, 4], inductively coupled plasma atomic
emission spectroscopy [5, 6], inductively coupled plasma
mass spectrometry (ICP-MS) [7, 8], x-ray fluorescence (XRF)
[9, 10], and laser induced breakdown spectroscopy [11].
ICP-MS analysis has high detection accuracy and it is ideal
for element analysis. However, the procedure takes a rela-
tively long time. XRF has been quite attractive in elemental
analysis, particularly with the development of portable instru-
ments. However, the XRF has a very low lateral spatial reso-
Iution. Among the most popular methods, there is little or no
one using photoacoustic techniques. Due to their flexibility,
simplicity and maneuverability, photoacoustic techniques
have been widely used in nondestructive evaluation [12—14].

© 2016 Astro Ltd Printed in the UK
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Figure 1. Experimental configuration for the generation and detection of Rayleigh waves.
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Figure 2. Typical Rayleigh waves detected at various locations on different samples (a) Al, (b) A2, (¢) B, (d) C1.

In our experiment, it is the first time that we utilize the
laser photoacoustic methods for Rayleigh wave velocity eval-
uation on porcelain. The optical fiber interferometer was first
proposed by Wang et al [15]. Since using a pulse laser and
simple optical fiber interferometer for generating and detect-
ing acoustic waves respectively, the experiment procedure
becomes flexible and straightforward.

2. Principle and experiments

A surface acoustic wave, also known as the Rayleigh wave, is
atype of elastic ultrasound. During the process of propagation,
its amplitude decays with depth exponentially. The velocity of
the Rayleigh wave depends on the elastic parameters and the
density of the material. In an homogeneous isotropic medium,
the velocity is governed by the following equation [16]:

0.87 4+ 1.12v E
CR~ ) )
1+v 2p(1 +v)

where vindicates the Poisson’s ratio, E is the Young’s modulus,
and p is the density of the material.

For a multilayer system of different elastic properties, the
propagating wave is influenced by the elastic parameters of
all the layers that it probes. In the presence of different elas-
tic parameters of all the layers, the Rayleigh wave motion is
changed. Thus, the relation between phase velocity and fre-
quency (dispersion curve) contains information about the elastic
parameters of the material. For a broadband Rayleigh impulse,
it can be considered as a superposition of waves with different
frequencies. When traveling in a medium, the higher frequency
components that have a lower penetration depth are more influ-
enced by the layer, while the lower components that have a
deeper penetration depth are more influenced by the substrate.
Thus, the phase velocity of the Rayleigh wave becomes a func-
tion of frequency.

China was the first country to produce porcelain. Up to
the present time, many kinds of porcelain have been pro-
duced in various kiln sites. Most of them were made of clays
from local areas, so a difference in element content and their
ratios may be expected. Also, the manufacturing processes
varied from kiln site to kiln site. Therefore, the elastic prop-
erties are different. As a result, the velocities of the Rayleigh
waves of the porcelains from different kiln sites are distinct.
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Figure 3. Cross-power spectrum of signals detected at 2mm and 6 mm of sample (a) Al, (b) B.

Figure 1 shows the experimental arrangement for the laser
photoacoustic generation and detection of Rayleigh waves. A
Q-switched Nd:YAG laser of 6 ns pulse duration at 1064 nm
was used to initiate Rayleigh waves, with 5 Hz repetition rate.
Then the laser pulses were directed through an adjustable rec-
tangular aperture which was used to get rid of the stray light.
By adjusting the voltage of the power supply of the laser, the
pulse energy measured after the rectangular aperture is capa-
ble of being regulated within the thermoelastic range. The
laser pulses were focused into a thin line by a cylindrical lens
and then directed onto the sample surface as a line source.
A translation stage was used to modulate the distance between
the sample surface and the cylindrical lens.

The broadband Rayleigh waves were monitored by a sim-
ple optical fiber interferometer which consists of a 1544 nm
continuous wave laser with an output power of 7 mW, a
three-port optical fiber circulator and a 1 GHz photodetec-
tor. The continuous laser light is coupled into the first port
of the circulator by a single model fiber. As it arrives at the
tip of the second port, part of the light will be reflected by
the optical fiber output face which was carefully cut by a
fiber cleaver. The rest of the light normally irradiates on the
sample surface and part of the reflected light will be cou-
pled back into the fiber. To achieve favorable sensitivity, the
distance between the fiber face and sample surface can be
adjusted by setting the fiber tip on a three-dimensional (3D)
translation stage. Eventually, the two beams interfere due
to their different optical path lengths. The final interference
light was detected by the photodetector at the third port and
displayed by a 2 GHz digital oscilloscope. The laser pulse
was detected by another photodetector before the rectangu-
lar aperture and served as a trigger signal. The 3D translation
stage, which can move in mutually perpendicular directions
with 0.01 mm precision, guarantees that signals of different
positions away from the line source can be detected. The
distance between the fiber tip and sample surface is 1 mm
or below, therefore a slight angular misalignment of fiber
has little or no influence on the signals. The wave signals
stored by the oscilloscope were transferred to a computer
for further analysis. Since the laser source wavelength of
the optical fiber interferometer is 1544 nm, our system can
be applied to all of those porcelains that can reflect light of
this wavelength theoretically.

To decrease the measuring uncertainty and determine the
useful bandwidth, two wave signals at different positions were
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Figure 4. Rayleigh phase velocity versus frequency (dispersion
curve) for porcelain of different kiln sites.

cross-correlated and then Fourier transformed. The phase dif-
ferences of the two signals were calculated by

p(w) — py(w) = arctan [M] + 2nm 2)

Re(u(w))

u(w)is the cross-power spectrum. The 2n7 uncertainty is deter-
mined from the group delay time (the accuracy is 1 x 10~ s
for a sample rate of 10° Hz) of the signals [17]. The phase
velocity of the harmonic wave with frequency f can be calcu-
lated by the following equation:

_e —xn)2nf

©2(f) — ()
The experiments were carried out on five pieces (Al, A2, B1,
C1, C2) of porcelain from three different kiln sites (A, B, C).
Al and A2 are from different porcelains while C1 and C2 are
the different part of the same porcelain. No special surface
preparation, such as polishing, was needed. The length of the
line source remains 2mm. The distance between the lens and
porcelain surface was adjusted for practical application. Our
experiments were carried out with little or no damage to the
samples.

Figure 2 shows the normalized Rayleigh waves detected on
various porcelains under the same condition. The first detected
point was 2mm away from the source, and then it moved
away on the perpendicular bisector of the line source by 1 mm

() = ‘ 3
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Table 1. The average velocity difference between two samples.

Samples Al-A2 C1-C2 A2-C2 Al-C2

A2-C1

Al-Cl1 Al-B A2-B B-C2 B-C1

Vd (ms~!) 4.4 12.4 51.6 60.0

64.0 68.4 206.0 210.4 262.0 274.4

increments. In each group, the waveforms detected at 2mm
and 6 mm were chosen for analysis. So the final results show
the average information of the sample at a distance of 4 mm.

Figure 3 shows the cross-power spectrum of signals
detected at 2mm and 6 mm of sample A1 (a), B (b). The useful
frequency band is chosen to be 2-26 MHz for —20 dB level.
Outside this band, the signal-to-noise ratio decreases drasti-
cally, which is of no interest to us.

Figure 4 illustrates the dispersion curves obtained by using
the method mentioned above. Since the measurement accuracy
of distance and group delay time are 0.0l mm and 1 x 10~ s
respectively, the typical error of velocity is AV/V< 1.7 x 1073
with AV~5.5 m s~! in our experiment. From figure 4, we
can see that the velocity of sample B is the highest while it
is the lowest for sample C1. Moreover, the speed disparities
between the different part of the same sample (C1, C2) and
the different samples from the same kiln sites (A1, A2) are
much smaller than the disparities between samples from dif-
ferent kiln sites (such as B and A1). For C1 and C2, the phase
velocity lower than 20 MHz shows good agreement with each
other, which indicates that our experiment performs with good
stability and repeatability. The discrepancies above 20 MHz
are most probably due to the differences of the condition of
the sample surface and a slight degree of difference in opera-
tion, which was inevitable. However, they have no influence in
our experiment and should be ignored.

Table 1 tabulates the differences of average velocities
between two samples. From this table, it can be seen that the
smallest velocity difference between two samples of the dif-
ferent kiln sites is 51.6 m s~ !, which is much greater than the
largest velocity difference (12.4 m s~!) between two samples
of the same kiln sites. The minimum velocity absolution is
12.4 m s~!, below which we cannot distinguish the porce-
lains of different provenance. Certainly, this method is also
suitable to distinguish the porcelains produced by different
procedures.

3. Conclusion

In conclusion, we have experimentally demonstrated the eval-
uation of the Rayleigh phase velocity of porcelains employing
the laser photoacoustic system. On the basis of our experi-
ment, we can conclude that the differences of Rayleigh phase

velocities of the porcelains from the same kiln site are much
smaller than the porcelains from the different kiln sites.
Compared to the traditional study methods, the scheme shows
some advantages, including noncontact, non-destructivity,
simplicity, flexibility and high sensitivity. Furthermore, no
particular preparation of the sample surface is needed. All
these exciting results make our method a potential application
in the provenance study on porcelains. Further studies will
make our technique a useful tool for porcelain identification.
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