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Abstract: Ultrasonic methods of measuring the thin thickness in a non-parallel irregular surface sample require quite a high time
resolution of the detection device. Ultrasonic resonance method based on spectral analysis was used for accurate thickness
measurement of this kind irregular aluminum alloy sample. Aiming at performing successive measurement of the thicknesses of
different positions of one sample, non-contact detection mode was selected by using 20 MHz water immersion ultrasonic focused
transducer and ultrasonic PAC testing system with 3D location device. Multiple resonant thickness algorithm was set up, so that the
thickness value can be calculated by multiple resonant frequencies. In order to obtain the precise multiple resonant frequencies, in
spectral analysis, surface wave in time domain signal needs to be removed and the appropriate window of time domain signal was
selected. A high measurement accuracy of +15 um can be achieved using this method. In addition, the effect of the transducer
location error was investigated and the allowed transducer offset +500 um was determined.
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1 Introduction

Nondestructive detection technology is widely used
in aviation, aerospace, industry and medical science
[1-3]. Ultrasonic inspection and measurement have a
great development, as an important nondestructive
evaluation method, especially in nonlinear ultrasonic
testing [4,5], ultrasonic phased array [6], and signal and
image processing [7]. Ultrasonic measurement methods
of thickness, distance and velocity have been studied for
metals, composite materials and medical treatment of
body structure [8—10], due to the advantages of low cost,
flexible operation, simple device and high safety.
Ultrasonic  nondestructive  thickness measurement
includes primarily pulse-echo method, resonance method
and lamb wave method [11,12]. In recent years, a variety
of signal and image processing techniques for time and
frequency domain have been applied for enhancing the
accuracy of thickness measurement.

A wavelet-based processing method has been used
for material thickness measurement [13]. The thickness
of sample can be calculated simultaneously, requiring
only a single acquisition in pure transmission mode to

measure the time-of-flight of the wave propagation.
Spectral analysis has been used for extracting the
resonance frequency in a single thickness resonance
mode [14], which obtains the thickness of electro-
chemical hydrogen meter thimbles. There are also lots of
studies on the thickness measurement of surface coating
material in China [15—17].

However, the thickness measurement of the
aluminum alloy curved surface parts is difficult to
achieve by pulse-echo method, which is most popular for
measuring regular parts based on the algorithm of time
domain signal. When the thickness of parts is less than 1
mm, the time interval between pulse echoes is very short,
especially for the aluminum alloy parts, because the
acoustic velocity of aluminum alloy is relatively high. In
this case, determining precisely the time interval of pulse
echoes in time domain signal requires quite a high time
resolution of transducer and relevant device due to the
overlap of successive bottom echoes. Therefore, it is very
difficult to perform the thickness measurement of
thin-wall parts using this method, taking into account the
available device.

Ultrasonic resonance method based on spectral
analysis overcomes the difficulty of distinguishing the
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bottom echoes in time domain, which calculate the
thickness value in terms of resonant frequencies. In
spectral analysis, surface echo has very high amplitude
comparing with bottom echoes because of the energy
attenuation in acoustic wave propagation, so that the
resonant information from deep regions of specimen in
frequency domain is minimized. Therefore, in this work
the suitable window of time domain signal was selected
in signal processing, in order to obtain the accurate
resonant frequencies.

An accuracy of 15 pm was achieved for thickness
measuring of the non-parallel curved surface specimen
with the thickness less than 1 mm using this method.
Moreover, concerning the transducer offset generated by
mechanical vibration in actual application, the influence
of transducer location error on measuring results was
also presented.

2 Thickness measurement theory of ultrasonic
resonance method

Ultrasonic resonance method is usually used to
measure thin wall specimens. In the actual testing, the
minimum thickness which can be measured depends on
the biggest detection frequency that can be reached. For
instance, under the condition of 25 MHz frequency, the
resonance method can be used for testing the thickness
small to 0.127 mm of steel or aluminum.

Measuring principle of the ultrasonic resonance is
making the incident acoustic beam vertical to sheet.
Ultrasonic wave in the sheet will reflect repeatedly
between the two surfaces. Changing ultrasonic wave
frequency, when the sheet thickness d is equal to integer
times of half-wavelength of ultrasonic wave (d=n/2, n
is integer, 4 is the wavelength of ultrasonic wave in
specimen), standing wave and resonance will occur
in the direction of thickness in sheet. The resonance
frequency f, can be expressed as f, =¢,/ 4, =nc; /(2d),
where ¢ is the velocity of ultrasonic wave. So,
d=nc /(2f,) can be obtained. When n=1, f,=f; is
referred to as fundamental frequency, and f; = ¢, /(2d).

By above equations, we can obtain:
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Thus, when the two adjacent resonance frequencies
are determined, the thickness value can be calculated
according to the following equation:

d=—"3
2(fn = Su-1)

In experiment, the A-scan signal which carries the
corresponding resonance information is extracted by

2

digitization ultrasonic detection system. By appropriate
signal processing for it, the resonant frequencies can be
obtained from frequency domain. They are f;, -, f,, ***,
fm correlated with multiple resonance peaks as shown in
Fig. 1.
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Fig. 1 Schematic representation of frequency spectrum of
ultrasonic resonance thickness measurement

In this work, the frequency spectrum was obtained
by fast Fourier transform (FFT) for time domain
waveform. For improving the measurement accuracy,
generally, the mean difference of multiple resonant
frequencies is substituted into Eq. (2), so the thickness d
can be expressed as

< _(m-n)e ¢

d= = =
Z(fn - fn—l) 2(fm - f;z) 2Af

where Af'is the frequency mean difference.

(3)

3 Experimental

3.1 Specimens and detecting system

This experiment tested two aluminum alloy samples
with different shapes. Figure 2 shows the part drawing of
the two specimens. The first one is generally tiered plate
structure, and the actual thickness values of three areas
are 0.47, 0.77, 0.97 mm, respectively. In experiment, the
thickness of three parts was tested separately so as to
determine the measurement accuracy of ultrasonic
resonance method for plates. The second one is non-
uniform thickness curved surface specimens, with the
thickness of 0.45 mm on one side and 0.65 mm on the
other side of arc curved surface lowest point. Especially,
the thickness on the arc region of specimen increases
linearly from one side to the other side along axis y. In
testing, several points of specimen were selected to
measure successively. The three coordinate axis
directions of the specimen are shown in Fig. 2(b).

Figure 3 shows the ultrasonic thickness
measurement system. This system consists primarily of
ultrasonic testing instrument and stepping device. The
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Fig. 2 Schematic representation of specimen structure: (a) Plate
structure; (b) Curved surface structure (Unit: mm)
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Fig. 3 Schematic representation of ultrasonic thickness

measurement system

testing instrument is physical acoustics C-scan (PAC)
automatic detection system. The ultrasonic immersion
point focused transducer was selected with the center
frequency of 20 MHz and the focal length of 38.1 mm,
using water as a couple medium. The digitization
sampling frequency was 100 MHz. In order to reach the
resonance in thickness direction of the specimen, the
ultrasonic incident wave was perpendicular to the
water/sample interface, in the case where the sample was
fixed in water tank. The vertical incidence can make the
ultrasonic wave energy in material high enough to
generate the multiple reflections between the top and
bottom surfaces of specimen. Aiming at successive
detection, the 3D stepping device can carry the
transducer scanning linearly in a specified direction and
locating at measuring points. The signal processing was
implemented on a personal computer.

3.2 Experiment procedure

1) For the aluminum alloy tiered plate, three
different thickness regions were detected with the system
gain 30 dB, and three points at least in each region were
selected to measure in order to enhance the reliability of
experiment. The window width of the acquired time
domain signal was 2 ps, corresponding to every measuring
point.

2) For arc curved surface sample, the measuring
points of interest spread on the centre line of curved
surface along axis y, and the corresponding positions are
shown in Fig. 4. The three coordinate axis directions of
specimen are defined as axes x, y and z.

4
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Fig. 4 Schematic representation of measuring position of

curved surface specimen

In experiment, the linear scanning and accurate
location were carried out using the focused transducer
which was fixed in 3D stepping system. The transducer
was removed along axis y, focusing on the center line of
curved surface of specimen, in order to test the points
along axis y. The water path was 38 mm in terms of the
transducer focal length. In the following section, other
than scanning along axis y, the transducer was also
moved towards both sides of centre point along axis x in
a step length of 70 um, so as to determine measuring
values under the different transducer offsets. The aim of
this procedure is to analyze the influence of transducer
location error on measuring result, thus providing some
parameter guidance for practical measuring. The A-scan
signal corresponding to each measuring point in Fig. 4
needed to be acquired for signal processing. At last, the
thickness values were calculated in terms of resonant
algorithm.

4 Results and discussion

4.1 Window selection of time domain

Through above experiments, the typical A-scan
signal of testing point for spectral analysis is shown in
Fig. 5(a). The A-scan signal is composed of the top
surface echo and multiple backwall echoes. It can be
clearly seen that the amplitude of surface echo is higher
than that of the backwall echoes, owing to the energy
attenuation of ultrasonic wave propagation in material.
Moreover, because the thickness of specimen is so small
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Fig. 5 Influence of time domain signal on resonance frequency spectrum: (a) Time domain including top surface echo; (b) Frequency
spectrum corresponding to Fig. 5(a); (c) Time domain starting at backwall echo; (d) Frequency spectrum corresponding to Fig. 5(c)

and the acoustic velocity in aluminum is so fast that the
time internal between pulse echoes is very short, the top
surface echo overlaps with the backwall echoes. Further,
the resonance occurs between the top and bottom
surfaces of specimen in the processing of multiple
reflection. The multiple resonant harmonic waves and
multiple backwall echoes overlap together. Consequently,
the top surface echo has significant influence on the
frequency spectrum, as shown in Fig. 5(b) corresponding
to the whole time domain waveform in Fig. 5(a). In Fig.
5(b), the resonance peak frequencies cannot be identified
distinctly. Obviously, the top surface echo needs to be
removed in signal processing, for the purpose of
obtaining the pure resonance frequency spectrum.

In this work, removing the top surface echo was
performed by A-scan signal extraction program. The data
carrying the surface echo information was cut off in
signal processing. The window of time domain for FFT
began with the first backwall echo as shown in Fig. 5(c).
In this case, the accurate multiple resonance frequencies
can be extracted by above processing. Five resonance
frequencies (fi, f, ***, f5) can be clearly read from the
amplitude spectrum in Fig. 5(d). According to Eq. (3),
the multiple resonance frequencies were substituted into
it, the relevant thickness value can be acquired:

_ (m=-n) _ 2¢

C2fu- S fs—h
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4.2 Results of thickness measurement

Table 1 shows the actual values and the calculation
values of thickness. Measuring points 1-3 are
corresponding to the three different thickness areas of
tiered plate in Fig. 2, respectively. The thickness value of
aluminum alloy sheet was calculated by above methods
including spectral analysis and resonant algorithm. In
Table 1, the calculation value corresponding to each
measuring point was obtained through repeatedly
measuring. It is obvious that the calculated thickness
values are coincident with the actual values well, with
the accuracy of 5 pum, the relative error of less than 1%.

Table 1 Measuring value and actual value of aluminum alloy

sheet
Measuring  Actual Afmean/ Measuring Relative
point value/mm MHz value/mm  error/%
1 0.471 6.64 0.469 0.2
2 0.770 4.04 0.771 0.1
3 0.970 3.22 0.966 0.4
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Hence, the ultrasonic resonance thickness measurement
method can determine precisely the thickness of metal
sheet. Sheet measurement provided a good guidance for
further measuring the curved surface specimen.

Based on the above sheet measuring, the thickness
of the aluminum alloy curved surface specimen was
measured, in order to estimate the availability of
ultrasonic resonant method based on spectral analysis for
measuring successively non-parallel parts. For this
purpose, in experiment, a linear scanning was carried out
along axis y with the centre line of curved surface shown
in Fig. 4. Those A-scan signals were collected
simultaneously correlated with each testing point along
axis y. The resonant peaks were very clear so that the
relevant resonance frequencies were read precisely in
spectral analysis. Substituting the resonant frequencies
into Eq. (4), each thickness value calculated can be
obtained. Figure 6 shows the comparison between the
actual value and the measured value.

0.65F ™ Measured point
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£
g 0.60
=
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T 055t
2
g L]
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0.45

0.45 0.50 0.55 0.60 0.65
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Fig. 6 Comparison of measured thickness value and actual

value of curved surface specimen

It can be clearly seen that the measured values are
very close to the actual values with a measuring accuracy
of less than 15 pum for the thin thickness curved surface
specimen. The results validate that ultrasonic resonance
method based on spectral analysis can effectively
measure the thickness of non-parallel surface parts.
Simultaneously, high frequency immersion focusing
transducer is also very suitable for measurement of this
kind with irregular surface which is difficult to be
performed using contact detection method.

4.3 Effect of transducer lateral displacement

In actual application, the non-contact ultrasonic
immersion detection method has a high requirement for
detecting equipment. The transducer fixed in 3D stepping
device easily shakes during linear scanning due to the
device vibration and artificial operation error. Therefore,
concerning the transducer offset, a certain location error
arises to some extent. The location error has an

influencing on measuring results. However, it is an
important influence factor for non-contact detection to
locate accurately at measuring region of specimen in
experiment. On the one hand, the echo signal amplitude
from the centre line of curved surface is the highest in
comparison with the other positions. The incidence
acoustic beam is perpendicular to the water/sample
interface, when the transducer focuses on centre line of
curved surface. Otherwise, the incidence acoustic beam
will be in a certain slant angle with the surface of sample
and thus lead to serious energy attenuation, because of
the deflection and scattering of incidence acoustic beam.
It is serious effect on the generation of multiple
resonances in specimen. On the other hand, the signal
amplitude can be judged by visualization detecting
equipment accurately. The transducer moving is
controlled by 3D stepping device in a very small step
length. So, precise positioning can be achieved by above
methods.

For the purpose of determining the effects of
transducer location error on measuring result, in
experiment, the transducer was moved in a step 70 pm
along axis x on both sides of measuring point as shown
in Fig. 4. During scanning along axis x, the echo signal
amplitude read in computer was very low when the offset
exceeded +500 pm. The transducer offsets were
controlled in the range of +840 um. Then, the thickness
values under different transducer offsets were obtained
by resonance method. Figure 7 shows the influence of
transducer offset on the measuring results.
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Fig. 7 Comparison of deviation in transducer offset

The horizontal axis in Fig. 7 indicates the transducer
displacement along axis x, and the vertical axis stands for
the deviation of skewing point compared with the
measuring value of centre point. It indicates that the
deviation value is lower than 0.1% when the offset is
between £500 pm, and the measurement value nearly
coincides with the one in central point when the offset is
between £300 pm. There is quite a big deviation value in
the case of the offset more than +500 um.
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Consequently, through above analysis, the allowed
location error of device can be determined in actual
application according to the actual accuracy requirement
offered.

5 Conclusions

1) The ultrasonic resonance method based on
spectral analysis has successfully achieved thickness
measurement of the arc curved surface specimen. In
spectral analysis, resonant frequencies can be obtained
by removing surface echo.

2) The thickness value can be calculated accurately
by resonant algorithm based on spectral analysis. An
accuracy of =15 pm can be obtained.

3) The transducer location error influence on
measuring results has been analyzed. The measuring
deviation is small in the case of the transducer offset
between +500 um. In actual application, the location
error allowed can be ascertained according to specific
requirement based on above analysis.
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