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Abstract

In steel plate manufacturing, all products must be inspected before delivered due to market
competition. The manual inspection by human operators is a time consuming process and cannot
handle high-rate production. Moreover, the inspection device has such a high cost that make it
difficult for investment decision making. This research focuses on the development of the
inspection system using ultrasonic for steel plate manufacturing, which consists of a low cost
ultrasonic probe with a natural frequency suitable for steel plate examination, the dual-probe jig for
manual operation, and the prototype of semi-automatic inspection system for steady and more
accurate result. Our higher sensitivity probe (when compared with commercial ones) is 10 times
cheaper. The jig with a dual-probe support can reduce the inspection time by a half. The prototype

can be realized and implemented for online inspection in the manufacturing process.

Keywords: Non-Destructive Testing/ Hot Roll Steel/ Ultrasonic/ Semi-Automatic System
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e .1 58Elgl’mﬂuﬂﬁﬂﬂﬁﬂ‘ﬂlﬁ@i%&ﬁu@i’Jﬁ]ﬁfJ‘ULm’JEﬂ’J

Total of length Operating Time (Min)

ID Slab Dimension
(meter) Single probe | Double probe

A8A208 | 250 x 1550 x 8400 173 50 24
A8BI161 | 251 x 1550 x 8400 173 56 28
A8A197 | 252 x 1550 x 8400 173 48 24
A8A748 | 253 x 1550 x 8400 173 60 30
A8B158 | 254 x 1550 x 8400 173 45 23
A8A476 | 255 x 1550 x 8400 173 46 22
A8AS517 | 256 x 1550 x 8400 173 50 25
A8B201 [ 257 x 1550 x 8400 173 49 25
ABAIT58 | 258 x 1550 x 8400 173 55 27
A8AS564 | 259 x 1550 x 8400 173 53 26

Average Time : | 51.2 Min 25.4 Min
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e .2 58Elgl’m”IGLuﬂTEVIﬂﬁfJ‘ULﬁ@GL%}LE%}u@]ﬁ’Jﬁ]ﬁfJ‘IJLm’JEU’JN

Total of length Operating Time (Min)

ID Slab Dimension
(meter) Single probe | Double probe

A8A208 | 250 x 1550 x 8400 130 40 20
A8BI161 [ 251 x 1550 x 8400 130 35 16
A8A197 | 252 x 1550 x 8400 130 38 18
A8A748 | 253 x 1550 x 8400 130 43 21
A8BI158 [ 254 x 1550 x 8400 130 42 21
A8A476 | 255 x 1550 x 8400 130 40 20
A8AS517 | 256 x 1550 x 8400 130 39 20
A8B201 [ 257 x 1550 x 8400 130 41 20
A8AI158 | 258 x 1550 x 8400 130 40 19
A8AS564 | 259 x 1550 x 8400 130 43 21

Average Time : [ 40.1 Min 19.6 Min
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e n.3 58Elgl’mﬂuﬂﬁﬂﬂﬁﬂ‘ﬂlﬁ@i%&ﬁu@ﬁ’Jﬁ]ﬁ@‘ﬂlm’mﬂiﬁ

Total of length Operating Time (Min)

ID Slab Dimension
(meter) Single probe | Double probe

A8A208 | 250 x 1550 x 8400 114 30 14
A8BI161 | 251 x 1550 x 8400 114 28 14
A8A197 | 252 x 1550 x 8400 114 27 14
A8A748 | 253 x 1550 x 8400 114 25 12
A8BI158 [ 254 x 1550 x 8400 114 30 15
A8A476 | 255 x 1550 x 8400 114 26 13
A8AS517 | 256 x 1550 x 8400 114 28 13
A8B201 | 257 x 1550 x 8400 114 28 14
ABAIT58 | 258 x 1550 x 8400 114 27 13
A8AS564 | 259 x 1550 x 8400 114 30 15

Average Time : 28 Min 13.7 Min
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Ultrasonic Inspection System for Detecting Small
Flaws at Far Surface of Steel Plate

T. Vilasmongkolchai*, M. Noipitak ", P. Kaewtrakulpong , A. Prateepasen
: Department of Control System and Instrumentation Engineering
= Department of Production Engineering
King Mongkut’s University of Technology Thonburi, Thungkru, Bangkok 10140

Abstract- This paper presents the development of inspection
system using ultrasonie for steel plate manufacturing. Generally,
internal defects in the final product of steel plate are inspected
manually by human operators, which is a time consuming process.
In this research, the crystal of an ultrasonic probe at natural
frequency suitable for steel plate examination was developed. In
our design, high sensitivity (i.e. high signal peak amplitude) and
good resolution were achieved using a (water coupling) probe
structure, without ceramic wear plate, and a signal processing
called the 1-bit technique. Backing material of the probe was
carefully designed and experimented to obtain proper impedance
matching with the probe’s crystal by varying its material
composition. Jig with a dual-probe support to speed up the
inspection of a steel plate was implemented. Moreover, the 1-bit
technique was applied to improve resolution of the inspection and
to detect small flaws close to the far surface of the steel plate. The
developed probe has more sensitivity than that of commercial
probes in terms of frequency response. The 1-bit processing
technique has been realized and simulated and it showed
advantages over the conventional method for processing time and
accuracy.

Keywords- Non-destructive testing, Ultrasonic inspection, steel
plate, Ultrasonic probe.

1. INTRODUCTION

Ultrasonic inspection is normally used in quality control of
steel plate products [I, 2]. However, cost of the ultrasonic
testing device is usually high and makes the inspection and
product expense arise accordingly. As a result, a low-cost
ultrasonic probe with high sensitivity and good resolution is
designed and developed in this work. The improvement of
probe resolution can be achieved by considering impedance
matches between piezoelectric (PZT) and backing material
within the probe. Unfortunately when the probe resolution
increases, its sensitivity is greatly decreased [3]. In order to
deal with this problem, a proper acoustic impedance of the
backing material was selected along with a proper signal
processing in this research.

The steel plate inspection in most manufacturers is usually
carried out manually by human operators which is a very time
consuming process. Inspection time can be reduced by
applying more than one probe simultaneously. In this research
a jig, holding two probes together, and clamped on a push cart
was designed.

Besides the detection of small flaws closed to the far surface
of the steel plate is another challenging problem in non-
destructive testing by ultrasonic straight-beam pulse-echo
method. Because the strong echo from the far surface always

hides information obtained from refection of the small flaw, the
signal interpretation becomes more difficult. Although the
signal could be improved byan amplifier circuit for its
apparent amplitude, noise embedded in the signal is also
amplified. A signal filter can be employed to attenuate
unwanted frequency components; however, low resolution and
dislocation of the flaw signal may incur.

This research aims to develop an efficient low-cost
ultrasonic system capable for detecting small flaws close to the
far surface of a steel plate. To achieve this, a probe with high
sensitivity has been constructed. A jig capable of holding
double probes for simultaneously scanning and a 1-bit signal
processing technique are implemented to reduce the inspection
time and to identify the signal from small flaws closed to the
plate far surface.

II. APPROACH & EXPERIMENT PROCEDURE

This development is comprised of two main works. First is
the construction of a high-sensitivity ultrasonic probe. The
other is the inspection system developed for not only the
inspection speed but also for flaw detection accuracy. Fig. 1
shows an overall structure of the system.

A.  Background of Ultrasonic Scanning Display

A-scan is a waveform display representing echo amplitude
(vertical axis) and transit time (horizontal axis) to give the
information in form of one dimensional signal along the
scanning path. Figs 2 and 6 are examples of a result from the
A-scan display of UT monitor. Amplitude of the reflected
signal represents the size of the reflector whereas the horizontal
axis features the time of reflection, in other words, the location
of the reflector. In general, signal quality of an ultrasonic probe
is explained by its sensitivity and resolution. In the frequency
domain, higher amplitude means better sensitivity and wider
response bandwidth represents superior resolution. In Fig 2, an
initial pulse (IP) is the signal reflected on the near surface of
the specimen, Flaw indicates the signal reflected from an
internal defect, and back wall echo (BE) represents the signal
reflected from the far surface of the specimen. The left figure
exhibits better resolution than the right, because the two signals
were clearly separated. On the contrary, the right figure shows
more sensitivity due to its higher amplitude.
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Jig with Double Ultrasonic probe
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Figure 1. Overall structure of the system for steel plate inspection.

Flaw

\"4

Figure 2. Comparison of A-scan sensitivity and resolution characteristic of
different ultrasonic probes: the left shows the more resolution, and the right
shows the more sensitivity.

-4— Connector

Electrical lead

Housing —»

Backing Imaterial

Piezoelectric
Wear plate

Figure 3. Components of ultrasonic probe.

B, Ulrasonic Probe

The component of ultrasonic probe is shown in Fig. 3. PZT
(made from Lead Zirconate Titanate) is the main part of an
ultrasonic probe that transmits/receives ultrasonic waves and

performs conversion between mechanical and electrical
signals. The signals can be explained by [5]
£ =v/2t (0
B=df, )

where f( is the natural frequency, v the sound velocity within

the PZT, t the thickness of the PZT, B the bandwidth, and ¢
the electromechanical coupling factor.

For the probe component, backing material is the second
priority (to the PZT) because it can improve quality of the
reflected signal by attenuating other frequencies that could be
caused by noise and absorbing reflected ultrasonic energy from
the back of the PZT. Moreover, it can help to adjust system
frequency by [6] the following relation.

), = Jk/m 3)

where @), is the system frequency, & the stiffness, and m the

mass of the backing material.

The backing material is usually made of material with high
density and high damp to obtain a good resolution (wide
bandwidth); however, it sutfers a low sensitivity. To obtain a
high sensitivity while retain its resolution, an impedance
matching between the PZT and the backing material is
required. The impedance of backing material depends on its

longitudinal sound velocity ( VL ) and its density ( 2 ) [5].

V, =JE(- )/ p(l+u)1-24)
Z = pJEQ-p)/pli+u)i-24)

(C]
(5

In these equations, E and i are the Modulus of elasticity and

the Poisson's ratio of the material, respectively.

Wear plate 1s the component for preventing wearing of PZT
but unfortunately also attenuating the ultrasonic transmission.
Theoretically, the wear plate thickness must be a quarter of the
ultrasonic wavelength to have no effect with attenuation [7].

In this research, according to the ASTM standard [1, 2], PZT
for rolled steel inspection should have its natural frequency of
2.25MHz. The backing material was prepared by metal powder
and epoxy. The metal powder has a characteristic to increase
its acoustic impedance while the epoxy was employed to
increase an ultrasonic absorbing rate. Compositions of Bronze
powder with epoxy and tungsten powder with epoxy were
carried out in various ratios to change the acoustic impedance
and to obtain a probe with highest sensitivity.

Subsequently, the optimal composition underwent pressed
forming and its longitudinal ultrasonic velocity was measured
by a sound transmission technique with Pulser/Receiver
(Panametrics-NDT Model 5077PR  Square wave) and
Oscilloscope (Agilent 54624A) as shown in Fig. 4.

After the backing material was assembled to the PZT. The
probe was tested to investigate its frequency response and
compared with the commercial probe by a spectrum analyzer.
Fig. 5shows a setup of the frequency response testing. The
amplitude of the signal in each activated frequency was
acquired and recorded to form its power spectrum.

Pulser!Receivevl ] Oscilloscope
coO0@ @

00 o

K]

backing material
test piece

ultrasonic transducer

Figure 4. Setup of sound transmission technique for backing material acoustic
impedance determination
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Figure 5. Setup of frequency response testing of our ultrasonic probe.
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Figure 6. A-scan display of ultrasonic flaw detection in case of flaw close to
bottom surface.

C.  Hotrolled steel inspection

There are three alternative grid scanning lines of ultrasonic
probe in hot rolled steel [1, 2]. First is a continuous scan along
perpendicular grid lines of 9 inches (nominal). Second is a
continuous scan along parallel paths, transverse to the major
plate axis, of 4 inches. The last is a continuous scan along
parallel paths, parallel to the major plate axis, of 3 inches.
While a grid scanning is performed, a complete loss of back
wall echo indicates a candidate for flaw location. The location
is then undergone detailed examination which can identify the
existence and size of the flaw. After that the size of the defect
is used to make decision under acceptance criteria.

D.  Signal processing technique

As shown in Fig. 6, d is the thickness of the specimen and x is
the depth of a flaw, when the flaw is located close to the far
surface (d=x), the times of flight of the flaw and the far
surface (plate bottom) are close so the reflected signal of flaw
(F) may be confused with the reflected far surface or back wall
echo (BW) in the A-scan display. In case of small flaw closed
to far surface, the time of flight of flaw reflected signal can

coincide with the back wall echo. The strong echo can hide the
small signal of the flaw and can make misdetection. With this
reason, a new signal processing technique was introduced in
[8]. However, this technique is complex and requires a long
processing time. Consequently the 1-bit processing technique
[9] was selected in our work. In the normal A-scan, the signal
18 acquired in form of 8-bit data but it can not identify the
reflected signal of small flaw close to the back wall echo. The
concept of the 1-bit technique is the signal processing in time
domain without amplitude information (only binary wvalues
considered). This can be performed by rectifying and
thresholding the signal to obtain a 1-bit output as shown by the
diagram in Fig. 7. This makes the strong echo from back wall
unaffected with the flaw signal; moreover, it does not have
dislocation. In addition, the smaller size of collected data will
take less memory capacity and make this processing technique
performs faster.

Reflected signal Full wave Time window

generator 1-bit algorithm

rectifier processed signal

Figure 7. The diagram of |-bit algorithm realizing simulation procedure.

This processing technique can be realized by simulation. The
reflected signal with amplitude 4 can be modeled by the
attenuation equation [10].

A=A4e"

where 4, is the incident amplitude,

(6)

o the attenuation

coefficient, and x the distance of diffraction.
Therefore the reflected signal (S ) acquired from the PZT
can be described by
s=Ae@M cos(a}t) 7N
where ¢ is the attenuation in the backing material, v the
ultrasonic velocity in backing material, and @ the natural
frequency of the PZT.

The reflected signals will be combined with a background
noise, and then processed by the 1-bit technique.

1I1. RESULT AND DISCUSSION

A. probe construction

The natural frequencies of the probes developed with
backing material of bronze powder plus epoxy, and with
tungsten powder plus epoxy are 1,875,000 Hz and 2,037,500
Hz respectively. Their amplitudes are at 100.13 mVrmsand
150.96 mVrms, accordingly. The commercial probe (2MHz
fundamental frequency) is responded at 1,575,000 Hz with
amplitude of 8.3091 mVrms.

As shown in Fig. 8, the frequency response of the probe
developed with backing material of tungsten powder and epoxy
has a very high sensitivity compared with the commercial
probe. This is significantly due to the lack of wear plate in our
design. Not only in higher sensitivity, our developed probe had
cost about 10 times cheaper than the other commercials.
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Figure 8. The frequency responses of probes developed with backing material
of bronze powder and epoxy (a), with backing material of tungsten powder and
epoxy (b), and that of 2 MHz commercial probe (c).

B, Inspection Result in hot rolled steel

In this research, the designed jig which could hold two
probes was implemented and shown in Fig 9. Water was used
as couplant; in the other word, an immersion technique was
applied. The jig was clamped on a cart to facilitate the
scanning. It was found that the scanning time was reduced to
approximately half of the conventional. However, ultrasonic
testing operator had to observe the flaw from a two-channel
display. Signal obtained from a small discontinuity, especially
close to the far surface, was rather difficult to be perceived. In
order to solve this problem, I-bit signal processing was
introduced.

Figure 9. Designed jig with a dual probe support.

The advantage of the designed jig is not only the scanning
by two probes at the same time but also an easy adjustment of
the height of water column. Normally the defect close to the
near surface to approximately 3 mm. can not be inspected
because of interference from reflected initial pulse. This is
called a dead zone.

C.  simulation result of 1-bit signal processing

The conventional processing or A-scan using 8-bit analog to
digital converter for digitalized the RMS value of signal always
lag of time cause of the RMS calculation. But, the I-bit
processing technique does not cause the delay of the processing
signal, so this technique can process without another correction
algorithm for compensating the flaw dislocation. Besides, all
acquired signals exhibit the same amplitude (binary logic)
making the identification of small flaws easier. However the
approach is susceptible to noise. To solve the background
noise problem, an adjustable threshold level mechanism was
employed. Fig. 10 shows the simulation result for three
different signals: A-scan, reflected signal, and I-bit processed
signal, separately on the left and a close-up to the flaw location
of the three signals in the same time window.

To get more advantages in approximating type and size of
the flaw, a combination with the conventional 8-bit processing

technique can also be applied.

IV. CONCLUSIONS

Development of an ultrasonic probe and its inspection
system were presented for steel-plate inspection applications.
This research can be concluded as follow.

1.) A lower cost ultrasonic probe with higher sensitivity
than general commercial probes was implemented.

2) A jig with a dual-probe support was developed. It
reduced inspection time to examine hot rolled steel product to
approximately half of the original.

3.) The 1-bit signal processing technique capable of
detecting flaws close to the far surface was presented. This
technique is simple, efficient and can increase inspection
resolution, specially for the defect close to the far surface.
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Figure 10. The time domain simulation of three different signals: A-scan, natural reflected signal, and |-bit processed signal, and close up to flaw signal of the
three signals which are combined in the same window (right).
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