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Preface

Abstract

The steel industry like any other manufacturing process is under constant pressure to
deliver higher quality defect free material at lower cost to customers. This push for
zero defects has led to improved manufacturing processes and the need for more
reliable, faster defect testing methods. Ultrasound fundamentally provides a mechanical
stress, produced by tensile, compressive, shearing or flexural forces, which ate of such

low intensity that no matetial damage occurs.

The remit of the project was to investigate and develop the latent potential within the
present automated ultrasonic immetsion system using an array of normal angle probes,
used for billet inspection. The work presented in this thesis describes the research
undertaken to develop a system using, 10mm diameter, standard zero angled 5MHz
ultrasonic transducers. The transducers were used at linear separation distances of

between 22.5mm and 45mm set in a typical 8-probe array otientation.

The developed technique is potentially transferable to other ultrasonic multi-probe
array applications and demonstrates that time of flight diffraction can be realised using
normal probes, and termed Normal Probe Diffraction, (NPD). The technique located
defects, using the intersection of ellipses, with an etror of <0.5% of the signal transit
distance and, with the application of a correlation filter, improved the Signal to Noise

Ratio (SNR) from —2.0dB to 17.0dB.
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Attenuation coefficient

Diameter of a flat circular oscillator
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Length of near zone
Frequency

Acoustic velocity
Half angle of divergence
Particle velocity
Density

Sound pressure
Poisson’s ratio
Young’s modulus
Modulus of shear
Acoustic impedance

Acoustic power
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Motivation for the Project

Chapter 1.

Motivation for the Project

1.1. Introduction

The steel industry like any other manufacturing company is under constant pressure to
deliver higher quality “defect free” material at lower cost to customers. Improvements
in manufacturing processes and the use of more sophisticated measurement systems
have seen a significant reduction in the number of defective products with the aim of
reaching the elusive goal of zero failures [1]. This push for zero defects has lead to
improved manufacturing processes and the need for more reliable, faster defect testing

methods.

The standard ultrasonic technique for defect detection is the pulse/echo method, using
an array of relatively low cost ultrasonic transducers. To improve on this method the
steel industry is tending to move towards complex phased atray technologies. These
ultrasonic systems are relatively expensive and complex when compared to a basic
pulse/echo system. They also have a propensity of being application specific, in that
the probes or probe-coupling shoe will be tailored to a specific examination or

component location.
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Motivation for the Project

The remit of this project was to investigate the latent potential within an existing
ultrasonic defect detection system installed at Thrybergh billet mill, Corus plc. This
system consists of an array of probes in which each probe sequentially fires and
receives an ultrasonic pulse as a steel billet travels past. The specific research question
to be addressed in this thesis is, if the system is reconfigured such that after each probe
fires, all the probes are used to detect reflected pulses, can extra information about the

presence, size and type of defects be improved?

Chapter 2 gives a description of the manufacturing process at Thrybergh billet mill
together with the current ultrasonic defect detection system to be investigated. To put
the project into context, a literature review of current technologies is presented in
Chapter 3 followed by the wave propagation theory required to understand the
technology researched in this project. To study the system, an experimental rig was set
up in controlled laboratory conditions. This is described in Chapter 5 together with the
results from initial experimental work. Chapters 6 and 7 describe the experimental data
and analysis undertaken using the experimental rig to analyse the detected signals and
improve the signal the noise ratio. Finally, the work is critically assessed in Chapters 8

and 9 and summarised in Chapter 10.

1.2. References

1. Wolfram, A. Automated ultrasonic inspection. in 15° WCNDT conference. 2000.
Rome, Italy. www.ndt.net/article/wendt00/papers/idn197/idn197.htm
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Project Definition

Chapter 2.

Project Definition

2.1. Introduction

This chapter firstly describes the manufacturing process at Thrybergh billet mill such
that the purpose, operation and limitations of the existing defect detection system can
be explained. The detailed project motivation will then be presented in context with

this manufacturing process.

2.2. The Bloom and Billet Mill

The Bloom and Billet Mill consists of two distinct processes: the Primary Mill and the
Finishing mill. At the Primary Mill the molten steel is continuously cast as a 400 mm
square bloom. During the casting process, refractory shrouds cover the vessel to
prevent atmospheric exposure, which is the main cause of inclusions being formed in
the molten steel [1, 2, 3]. Oxides and sulphides are the most common inclusions found
in steel; these can be quite simple in nature containing just one component (e.g.
Alumina particles Al,O,) but very often come as a much more complex, multi-

component construction, containing more than one inclusion.




Project Definition

The solidified steel is then re-heated and rolled into a 180 mm squatre billet. In addition
to the chemical variations, inclusions also vary in their size and shape [4], however the
hot rolling process elongates and concentrates these inclusions to the core of the billet.
An initial eddy current inspection of the material (for sutface breaking cracks) is done
at this stage prior to the steel leaving the mill. The steel is then transferred in billet
form to the Finishing Mill. At the Finishing Mill it is reheated to 1200°C and rolled
down to the final size required of between 30-75mm. This process of working the steel
also improves the quality of the steel by refining its crystalline structure and making the
metal stronger and tougher. An ultrasonic inspection process takes place after the
material has been hot rolled down to the final 30-75mm sizes and the evaluation of the
ultrasonic signals is carried out with multi-channel electronics [5]. This is because the
coarse grain structure of the as-cast bloom causes high attenuation of ultrasound [6].

Thus, it is more practical to inspect the steel post hot rolling.

2.3. Automated Ultrasonic Test System

The current system is a stationary multi-transducer atray, consisting of two identical
banks of immersion transducers set ovetlapping so that no part of the material is left
un-inspected. These are arranged at normal incidence to the material and at 90° to each
other, as shown in Figure 2.2. This is used for the inspection of square section, steel
billets ranging in size between 40mm to 80mm. The steel billet in this particular
inspection system is passed by the transducer arrays on the diamond as shown in red in
Figure 2.2. Each bank of eight transducers is arranged as in Figure 2.3, the transducers

were activated sequentially, testing the steel using pulse/echo procedures.
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The transducers are held at a distance of approximately 70mm from the material. This
is both to alleviate the possibility that they will be struck by the front end of the moving
bar, and to remove the complications involved with the near field of the transducers.
An automated marking system, marks all defect affected areas that ate encountered by

the inspection system.

The pulse repetition frequency (PRF) of the probe array is optimised to allow for signal
decay [8], and to give full coverage of the billet to be inspected, whilst operating at its
recommended throughput rate. Test throughput speeds are limited, not by the pulse
repetition rate, but by air entrapment and turbulence. The system is capable of material
throughput speeds of 2m/s, however at Thrybetgh bar mill it runs between 0.8m/s to
1m/s. The inspection is terminated priot to the tail end of the bar passing over the
inspection transducers and again suppressing the alarm output similar to the front end.
This results in an additional un-inspected region at the tail end of the bar, known as
‘back end loss’. Bats, for which the line control logic has been alerted to the defective
nature of the product, are tracked through the line and subsequently sorted into good
or defective groups. The defective bars are then manually re-inspected to qualify and

define the nature of the defect.

2.5. Project Motivation

As the demand for cleaner steels increases every year [9] it would be desirable from
both an economic and environmental position to eliminate the primary re-heating and

rolling process altogether.
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This would have substantial influence on costs in enetgy expenditure and material
handling. However this would place greater demands on the downstream NDT, as the

intermediate NDT stage would also have been eliminated.

The remit of the project is to investigate the core section of the material using
ultrasonic techniques. The steel sections of interest are square section billets with
dimensions ranging from 76mm x 76mm down to 36mm x 36mm. The initial concept
was to use the Sonomatic™ system as it currently operates, but processing the received
transmission using several of the probes. That is a single transmitter with multiple
receivers. The initial concept was deemed worthy of further investigation because of
the divergencc of the ultrasonic wave as it is transmitted. When an ultrasonic probe is
fired, the pulse of ultrasound is transmitted through the water coupling into the steel
billet, and is reflected off the back wall of the steel (pulse/echo). As an ultrasonic beam
travels through a medium, it diverges. When the signal is received back at the probe,
because of the distance the signal has travelled, (in this case about 300mm), the
returning echo is over 4 times the diameter of the original probe. There is therefore

potentially a substantial amount of information not being collected by the single probe.

2.6. Conclusion

This chapter explains the reasoning behind this project in context to the operation of
the Bloom and Billet Mill process at Thrybergh Mill and the limitations of the existing

non-destructive testing technology currently utilised.



2.7.
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Review of Current Systems and Technologies

Chapter 3.

Review of Current Systems and

Technologies

3.1. Introduction

This chapter gives an outline of the major methods of Non-Destructive Testing
(NDT), technologies currently employed for industrial inspection, such that the method
under investigation in this thesis can be compared to other methods. Since this method
is a variant of two current ultrasonic techniques, the chapter starts by describing the
constraints within which ultrasonic testing is of use. Different ultrasonic generating
transducers are then presented detailing their advantages and disadvantages. Describing
and comparing the different excitation configuration, analysis techniques and data
representations commonly used in commercial systems complete the ultrasonic testing

section.

The next part of the chapter outlines and assesses other competing technologies such
as visual, radiography and magnetic particle inspection, and dye penetration. Finally,
the project remit is put into context with respect to the technologies presented in this

chapter.
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3.2. Ultrasonic Methods

Ultrasonic testing of material properties is a commonly utilised technology that is
readily available commercially. ~ Systems range from basic pulse/echo systems to
scanning phased array systems employing digital signal processing to improve signal to
noise ratios and provide real-time data analysis. A typical ultrasonic system consists of
a transducing system to transmit and receive ultrasonic waves, a coupling system to the
sample under inspection, a sample and finally analysis software. The type of transducer
required depends on factors such as the frequency of operation, the ambient
conditions, the method of inspection, the mode of propagation and cost and
availability. This section outlines both the different transducing and inspection

methods currently available and contrasts and compares their performances.

3.2.1. Generating Ultrasound

The methods discussed in this section involve converting an electrical signal either

directly or indirectly into an ultrasonic wave, which propagates through a material.

They ate:

e Piezoelecttic transducers
e Electromagnetic Acoustic Transducers (EMAT)

o Laser Generated Ultrasound
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Thus, these transducers are often used in automatic water immersion systems or a
water-based gel is used for manual systems. Water couplant cannot support shear

waves and thus only longitudinal waves will transmit into the material.

3.2.3. Electromagnetic Acoustic Transducers (EMAT)

An EMAT is a non-contact device that generates and detects ultrasound in electrically
conducting or ferromagnetic materials [4]. Thus in this case, the ultrasound is
generated directly within the material and the acoustic impedance of the medium
between the transducer and sample is not relevant although the electromagnetic

properties are.

There are two types of EMAT, one is based on the Lorentz force and can be used in
non-ferromagnetic materials, and the other type is based on magnetostriction and can

be used for magnetic materials and those that exhibit magnetostriction.

In the Lorentz type, a coll is used to create a radio frequency signal that induces an
eddy current density directly into the conducting sample, which has components
perpendicular to an applied dc magnetic field. A Lorentz force is thus produced as
shown in equation. 3.1. resulting in small mechanical vibrations and hence an elastic
wave propagates into the volume of the material, or along the surface. The use of an
EMAT for the detection of ultrasound works via an inverse process, where motion of
the surface induces current into the coil. The direction of the magnetic field also

determines whether shear or compression waves will be detected at the receiver [5].

F = JXB [3.1]
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material undetr examination. In the case of ablation, a laser source is chosen with a
wavelength that will have sufficient enetgy density to cause vaporization ot ablation of
the surface of the material [11]. The recoil that follows the material ejection off the
surface predominantly produces longitudinal force at normal incidence to the material
surface; but also produces shear waves, and surface following waves. Laser ultrasound
generated in the thermoelastic regime produces a buried ultrasonic source with a
constraining effect of the material above it, which induces longitudinal ultrasonic wave
at normal incidence (Figure 3.5.) When the reflected ultrasonic wave reaches the
surface of the sample, a separate laser ultrasonic receiver (interferometer) is used for
detection of the ultrasonic wave. The resulting surface displacement is measured with

the laser ultrasonic receiver based upon an adaptive interferometer.

3.2.5. Inspection Techniques

In ultrasonic testing, high-frequency sound waves are transmitted into a material to
detect imperfections or to locate discontinuities in material propertdes. The frequency
utilised depends on factors such as the attenuation as the wave travels through the
material under test, dispersion and resolution of the discontinuity. Ultrasonic
inspection can be utilised for several purposes including flaw detection, material
evaluation, and dimensional measurements. When an ultrasonic wave is introduced
into a material it has four principle modes of propagation, longitudinal, shear, surface,
and in thin materials, plate waves. The first two modes can exist in the bulk materials
and are therefore best suited to the internal investigation of a material. To reduce the
number of modes further some systems employ water coupling since water does not
support shear waves [12], leaving only longitudinal waves. The way, inr which sound

waves propagate through materials, and the orientation of the area under inspection,
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dictate the ultrasonic technique employed. These techniques fall into two main
categories, and are pulse/echo and through transmission, all other methods of
ultrasonic defect detection are adaptations and elaborations of these two main

categories.

3.2.6. Pulse/Echo

This is the most commonly used ultrasonic testing technique, whereby sound is
introduced into a test object via a dual-purpose transmitter/receiver probe. The signal
is then reflected from any suitably orientated internal imperfections or the geometrical
surfaces of the test object, and returns to the same transmitter/receiver probe. The
two-way transit time measured is divided by two to account for the return transit path
and multiplied by the velocity of sound in the test material. The result is expressed in

the relationship:

d=vt/2 [3.2]

where

d = the distance from the surface to the discontinuity in the test piece

v = the velocity of sound waves in the material

t = the measured round-trip transit time

When a suitably orientated discontinuity is in the path of an ultrasonic pulse, a
percentage of the pulses energy will reflect back to the probe from the surface of the
flaw. The reflected signal is then transformed via the receiving probe back into

electrical signal to the ultrasonic flaw detector where it can be then displayed on a
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However as more applications become commonplace, it is expected that demand for
phased array systems and certain array probes will rise. The use of phased array
systems in industry is expected to increase over time. This is to facilitate a reduction of
inspection times and to address the inspection problems associated with complex

component geometries that are not feasible with conventional methods [16, 17].

3.2.9. Time of Flight Diffraction (TOFD)

Time-of-flight diffraction (TOFD) technique is based on forward-scattered diffraction
of an ultrasonic wave at the tips of discontinuities. This is in contrast to conventional
pulse echo techniques that rely on directly reflected signals from internal structures [18].
The TOFD technique as an ultrasonic NDT technique was first described and put into
practical use by Dr. Maurice G. Silk in 1977 [19]. The TOFD technique was refined
and developed over a period of years by Silk and his co-workers at the Atomic Energy

Authority’s Harwell Laboratorty.

The technique uses two probes in a transmitter-receiver arrangement, the probes
having a small active element to give wide beam spread angle. Broad beam probes are
used so that the entire crack area is flooded with ultrasound and, consequently, the
entire volume is inspected using a single scan pass [20]. The technique requires the two
probes to be placed facing each other and approximately equidistant from the flaw.
With the location of the discontinuity being determined by the variation in propagation
times of the ultrasonic waves at the receiver probe. Mondal et.al. (2000) state that the
probe frequency should be 10 MHz or higher [20], because as Charlesworth et.al (2000)
state the accuracy of the measurement increases with that of the frequency [21], and

angled at between 45 to 70 degrees [22].
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When the defect is at normal incident to the sutface and the defect is centrally
positioned between the probes, as in Figure 3.16. the following equations apply:

Time of surface (lateral) wave
t, =— [3.3]

Time to top of defect (P1 + P2)

24S% +d?
=" [3.4]

Time to bottom of defect (P2 + P4)

. =2\/SZ+(d+a)2 35

C
Time of Backwall echo
24/S* + H?
ty, = ———— [3.6]
C
Where

a = defect size

d = defect depth below sutface

H = material thickness

C = velocity of relevant wave mode (Longitudinal or Transverse)

S = 2 probe separation distance

The following equations refer to Figures 3.16. and 3.17. and give the depth of defect

below the surface and the defect size respectively:

Defect depth below surface

d=1,/C’t} -48? [3.7]
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Defect size

a=1,C%t2 -48? —-d [3.8]

TOFD has several advantages over other ultrasonic techniques, in that, depth sizing is
very accurate and the defect height can be exactly determined. An exception to this is
that the technique is not effective at detecting or sizing defect lying parallel to the
inspection surface [23]. A disadvantage of TOFD is that diffraction waves are low in
amplitude than direct reflection waves and therefore the sensitivity to flaw detection is
correspondingly lower in amplitude. Also the defects can only be realized if the

amplitude and phase of the diffracted ultrasound can be reliably interpreted [24).

TOFD has been successfully applied for testing a wide range of steel plates and
pipelines thicknesses. However according to Charlesworth etal (2002) crack sizing
results performed with ultrasonic methods on a thick-walled pressure vessel weld,
demonstrated that it is uncertain if TOFD is a reliable method for the detectdon of
cracks or sharp grooves at the inner walls of pipe work or vessels [21]. There is
however no doubt of the potential for Time-of-flight diffraction used as an adjunct to

other techniques to assist with defect characterisation, location and sizing.

3.2.10. Synthetic Aperture Focusing Technique (SAFT)

The Synthetic aperture focusing technique (SAFT) is based on geomettrical reflection
[25] of the ultrasound, and is essentially a digital signal processing technique (DSP)
employed for ultrasonic testing. It provides an accurate measurement of the spatal
location and extent of flaws contained within components [26]. SAFT can be split into

two sub-categories that of Conventional SAFT and Muld-SAFT.
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This compensation corresponds to time domain delaying of the different channels in a

typical real-time SAFT with delay and sum approach [30].

Figure 3.20. Time shifted defect signals Figure 3.21. Signal after summation

Where no defect is present the signal interference with the material is haphazard and
the signal is small and lost within the random signal noise. However whete a material
defect is present, the constructive interference of the waveforms, form a large cohesive
signal, facilitating signal thresholding. A comparison was made by Boomsang et.al.
(2004) of conventional B-scan images, with SAFT images. These results showed that
synthetic focusing apertures, offer better signal-to-noise ratios with improved
capabilities in lateral resolution [31]. A variation of SAFT called ALOK which is
German for Amplitude Laufzeit OrtsKurven and is where the expected travel times of
hyperbolic curves are used to improve signal-to-noise ratio (SNR) of defects, howevet,

no synthetic focusing occurs with this method.

3.3, Visual and Optical Testing (VT)

Visual and optical testing is the most basic NDT method of material examination. The
instrument being used for testing is the human eye and therefore the visual inspector

requires regular vision tests to ensute the eyes are capable of their job [32].
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The demagnetisation of the component is often specified after MPI to avoid the build
up of particles. This demagnetisation is achieved by subjecting the component to a
continuously alternating and reducing magnetic field, with the start point of the cyclic

demagnetisation being, as high, or higher than that of the magnetizing field.

3.6. Eddy Current Testing (EC)

Eddy currents are created through electromagnetic induction and take their name from
the “eddies” that are formed when a liquid or gas flows in a circular path around
obstacles. As an alternating current flows through a coil a dynamic expanding and
collapsing magnetic field forms, and when a conductive material is placed within close
proximity electromagnetic induction occurs and eddy cutrents are induced in the
material. A secondary magnetic field is generated by the eddy current, which opposes

the coil’s magnetic field as shown in Figure 3.28.

Concentrated mainly at the surface of a material, eddy currents can therefore only be
used to detect surface and near surface defects, due to the skin effect [38]. Skin depth
is a term used for the depth at which the amplitude of an electromagnetic wave
attenuates to 1/e of its original value or 37% of it value at the surface [39]. The skin

depth for plane waves d can be calculated using equation 3.9.
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The skin effect is a fundamental electromagnetic phenomenon and is dependent upon
specimen conductivity permeability and the operating frequency. This is explained by
Lenz's Law, which states "when an EMF is induced in a conductor by any change in the
relation between the conductor and the magnetic field, the direction of the EMF is
such as to produce a current whose magnetic field will oppose the change"{40]. The
skin effect has been widely used for non-destructive testing using inductance coils and
magnetic/eddy current techniques for both sub-surface inspection [41] and for crack

detection [42].

For most NDT inspection applications, eddy current probe frequencies are in the range
1kHz to 3MHz are used with the lower frequencies giving deeper penetration, typically
between 5 um and 1 mm. The presence of any discontinuity will cause a change in
eddy current flow and a cotresponding change in the phase and amplitude of the
measured eddy current [43]. Eddy cutrents are also affected by the electrical
conductivity and magnetic permeability of a material, which makes it possible to

distinguish between various conductive materials based on these properties.

3.7. Dye Penetrant Inspection (DPI)

The purpose of the dye penetrant inspection is to increase the visible contrast between
a discontinuity and the background material. This is achieved by applying a penetrating
liquid that contains a visible or fluorescent dye, as shown in Figure 3.29. Excess
solution is then removed from the surface of the object but leaving it in surface

breaking defects.
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3.8. Conclusion

This chapter contained an overview of the various NDT technologies and as such
covered all the methods relevant to the project. As the project remit was an immersion
ultrasonic system using piezoelectric transducers, those were discussed in greater depth.
Several of the methods described were totally unsuitable for the interrogation of the
core of the billet, including Dye Penetrant Inspection, Magnetic Particle Inspection,
Eddy Current, and Visual Testing. As all of these methods are suitable for only surface,

surface breaking, or in the case of Eddy Current near surface defects.

The use of Radiography for billet inspection has problems with the radiation
containment, as inspection should be performed inside a protective enclosute. This
would necessitate the protective enclosure allowing for the billet to traverse through
and to the next station without interruption, and have an automated defect detection
and marking system, instead of producing radiographic itmages. According to Hanke
etal. (2004) the current methods for high-speed volume data evaluation have cycle
times of about one minute, for a defect detection size of circa 15 cm [44], and this is an
impractical throughput and defect detection size for economic and competitive

production of steel.

The use of an EMAT for automated billet inspection would eliminate the need for an
immersion system and the potential problems that they entail, predominantly air
entrapment. However as an EMAT is required to be in close proximity (~ 1 mm) [7]
with the material they a inspecting, this would be problem with a moving billet where

the stand off distance is constantly changing due to material ‘snaking’.
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Also they are less efficient at converting electrical energy into sound, which would
prove problematic when testing a large cross-sectional material or a highly attenuating

material as performance decreases with distance [3].

The expenditure on a laser ultrasonic system capable of scanning a 75mm square
section billet, moving at 1 m/s, in a steel mill would be excessive. That a laser system
could complete the examination is not in question, however the required financial
outlay would necessitate a marked increase in material throughput. Also because of the
use of lasers, the inspection area may require being in an enclosure or be in a limited
access area. However according to Kline (1996) laser-based ultrasound is definitely not
a solution to all problems, but it can be very powerful in the right application, especially

if surface ablation is allowed [10].
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Chapter 4.

Review of Basic Theory

4.1. Introduction

The system under investigation in this thesis, involves the generation, propagation,
reflection and transmission of bulk ultrasonic waves in test samples. This chapter has
been included to provide the reader with an overview of the basic theory underlying

these phenomena

4.2. Propagation and Velocity

This section describes the propagation of bulk ultrasonic waves in an unbounded, lossy
medium. If the displacement, u, of a small section of the medium in the elastic region

is represented in terms of scalar and vector potentials [1] as shown in equation 4.1.

u=VO+VXH [4.1]
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and is then substituted into the equation of motion, two independent wave equations

result.

1 u
Viu=—=— givenu=V®d
c: or’ g

Iy

given u=VxHand V-H=0

2

.Y
Cr

[4.3]

where equation 4.2 represents longitudinal or dilatational waves and equation 4.3 shear
or rotational waves. These two waves can only be coupled on the boundary of the
elastic body. The parameters ¢; and c; represent the phase velocity of each type of
wave.

The general solution to these equations are:

u = de ™ ¥g/hxme) -y — VO

) [4.4]
u=Be e/t —VxH, V-H=0

where o and o are the attenuations of the waves as a function of distance. For a wave

of frequency, @, with a wave number, k, the velocity is given by,
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whete c, is known as the phase velocity and is frequency dependent. If the ultrasonic
signal consists of more than one frequency, then the group velocity gives the overall

velocity of the group of waves;

Cg=E=Cp +k7k— [46]

This is the velocity of constant phase of the modulation envelope as shown in Figure
4.1. It is also the velocity of energy transportation. Equations for the longitudinal and
shear waves are given in equations 4.7 and 4.8. The individual harmonic components

will each still have their own phase velocity given by

_|E_ 1w
= \/ p (1+u)(1-2u) a

¢ = E_1 [4.8]
P 2(0+u)

where E is the Modulus of elasticity, p the density and # is Poisson’s ratio.

Figure 4.2a shows that if there are no energy loss mechanisms or anisotropic effects in
a material, i.e. it is non-dispersive, and all the frequency components have the same
phase velocity, then there will be no distortion of the signal envelope. Figure 4.2b

shows that distortion of the signal envelope will occur in a dispersive medium.
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4.3. Wave Propagation at Boundaries

Consider a plane stress wave p, travelling in medium 1 approaching the boundary to
medium 2 at normal incidence. Some of wave will be transmitted to medium 2 and the
rest reflected back into medium 1. The degree to which this occurs is dependent in the
ratio of the acoustic impedances of the two media, Z, and Z, and is defined by

reflection coefficient, R and the transmission coefficient, T.

These are shown in equations 4.9 and 4.10.

R=Pr_Z"% [4.9]
P Z,+Z,

r=Pe__2% [4.10]
P Z,+Z,

Where the acoustic impedance Z, is given by

Z =pc [4.11)

where pjis the density of the medium and c; the velocity.

Thus, it can be seen that the larger the ratio between the two impedances, the more of
the wave enetgy is reflected and less is transmitted [14]. For example, consider the
boundaries between water and steel and air and steel. Their nominal properties are

shown in Table 4.1.
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Material cin ms” p inkgm™ “ZinkPasm®
Water at 20°C 1480 998.2 1.483
Air 343 1.168 0.413
Steel mild 5900 7830 46.000

(from www.edboyden.otg/constants)

These values show that water provides a high degree of mechanical coupling hence

more wave enetgy is transmitted at the water-steel interface (R=0.94), than at an air-

steel interface and, water or water-based compounds are commonly used for ultrasonic

coupling [3].

Now, consider the plane wave incident upon a boundary at an angle a.. as shown in

Figure 4.4. The angle of the reflected wave will be equal to the angle of incidence and

the transmitted wave will be refracted according to Snell’s law as shown in equation

4.12.

sina,

sina,

!
C,

[4.12]

where ¢, is the velocity in material 1, C,is the velocity in material 2, a;is the angle of

incidence, a, is the angle of reflection and a, is the angle of refraction.
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4.4. Loss mechanisms

There ate three main loss mechanisms in solid media, scattering, diffracton and
absorption due to internal frictional losses. These can be detected primarily by
measuring the attenuation of a reflected signal from a known boundaty and can be
represented mathematically by the attenuation coefficient a described in section 4.1.
Evidence of scattering can also be obtained by looking at the background noise known

as grass.

The effective diffraction loss and phase change in the field of broadband transducers is
computed in terms of the normalized distance travelled at the centre frequency of the
pulse, it this instance, 5MHz. The diffraction loss fluctuates in the nearfield with §
before becoming monotonic in the far field, and increasing as the logarithm of §
(Equation 4.13) Where, g is the distance to the crystal, A, is the wavelength, and # is the

transducer radius [4].

S =zA/d (4.13]

However the most dominant mechanism is scattering and this occuts from the fact that
the material is not strictly homogeneous. It contains boundaties at which the acoustic
impedance changes abruptly. In a matetial with a very course grain structure of a size
comparable to the wavelength of the signal, the scatter can be visualised geometrically
[5]. At an oblique boundary the wave is split into various reflected wave types. This
process repeats itself for each grain boundary encountered and Birks (1991) states, it is
one of the main sources of loss in commercial alloys [6]. Thus, the original sound
beam is constantly sub-divided into partial waves and throughout its complex pathway

and frictional losses its energy converted into heat.
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If P; is the signal power at the transmitting probe, and Py is the signal power at the

receiving end then the power attenuation A, in decibels is given by the formula,

A, =10 log,,(P1/Py). [4.14]

The sound attenuation increases with an increase in the frequency, and as the distance

increases from the source. For the case of Rayleigh scattering with , 4 > 272D (7]

87Tt 2 3

o =STAT N2, 3 [4.15]
375p%v, | v, v,
2 ®TEt | 2 3

ap=TE Sy [4.16]
125p°v,” | v," Vv,

and for Rayleigh scattering with A < 27D ° 7]

2 2y g4
a, _16z"pw Df" "‘GD{ [4.17]
525v,p
2,2 r4
=4 a Dy [4.18]
210v,°p

where D is the average grain diameter
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In most practical cases the diameter of the oscillator is much greater than the

wavelength and the equation is simplified to,

2
N2
44

[4.22]
4.6.2 Beam Profile

This section will look at the beam profile from 2 cylindrical transducer so that it can be
related to the transducer array researched in this thesis. Standard ultrasonic theory
shows that the central beam in the near field diverges slowly [2]. In the far field this
beam divergence is more pronounced and is a measure of the angle from one side of
the sound beam to the central axis of the beam, and the beam spread angle is twice the
angle of beam divergence. The maximum sound pressure is always found along the
acoustic axis or centreline of the transducer. Therefore, the strongest reflections come
from the region immediately in front of the transducer [6]. The sound intensity
attenuates according to an inverse square law, that is, the intensity is inversely
proportional to the square of the distance. In the far field the Equation 4.23

determines the angle of divergence for the extreme width of the beam [11].

1.224
==z [4.23]
D

2.
(RN

where A is the wavelength, D is the diameter of the oscillator, and 1.22 is a given
constant for the extreme beam width. The constant 1.22 can be replaced by 1.08 to
calculate the angle of divergence for the edge of the beam, 20dB below the intensity of

the centre of the beam [12].
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4.7. Signal to Noise Ratio

The signal to noise ratio is defined as the ratio of the amplitude of an ultrasonic echo
arising from the discontinuity in a material (signal V), to the r.m.s amplitude of the

background noise signal or grass (V7).

The signal-to-noise ratio (SNR) in decibels is given by:

SNR = 20 log,,(V*/ V™) [4.24]

This noise can arise from the material characteristics, un-required ultrasonic modes and
equipment noise. Ambient noise is very often the real source, and is especially likely to
occur in automated testing installations. Several opinions arise when discussing signal
processing for enhancing the required part or suppressing the unwanted part of the
signal, all claiming to have positive results. Enhancing the reliability of flaw detection,
through the use of digital signal processing [13], using contact and immersion

techniques, showed that the immersion techniques provided a greater level of reliability.

The use of a wavelet transform process and is stated by Chen and Shi [14], to be more
powerful than frequency filtering as a method of enhancing reliability. However
negligible improvements were made from immersion tests. There have been many
applications of wavelet transforms in ultrasonic non-destructive testing [15, 16]. Li and
Ma [17] used a wavelet transform to identify signals of localised defects in bearings,
while Cho et. al. [18] applied the wavelet transform of the digital data in deducing the

scattering of subsurface lateral defects.
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4.9. Summary

This chapter has given an overview of the basic theory used in the implementation of
the research project described in this thesis. A particular emphasis has been given to
unbounded bulk wave propagation using cylindrical transducers and the relationship

between theory and inspection terminology.
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Chapter 5.

System and Initial Experimental Work

5.1. Introduction

This project involves investigating a single transmitter, multi-receiver system in the
context of defect detection. A room temperature laboratory based system was
developed to examine the underlying principles. Thus, this chapter firstly describes the
basic system. The system was then characterised to understand the effect of the system
components on any experimental results and to optimise the set-up conditions. These

tests and results are presented.

The first contact experiments on a steel billet are then desctibed and analysed. The final
part of this chapter presents experiments carried out on a V1 calibration block to
understand and verify the base theoties undetlying this work. The advantages and

limitations of this approach are then examined.
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5.2.2. Socomate USPC 3100

The priority of the ultrasonic equipment was to be adaptable to the potential changes
within the scope of the project. Various stand-alone pulser/receivers and flaw
detectors were considered from various manufacturets. The Socomate USPC 3100 had
the required specifications with the additional flexibility that the software can be
modified if required, and additional channels can be added, both of which could be

advantageous to the project.

The Socomate USPC 3100 is a “Plug & Play” Windows based PC Card flaw detector
with two transmit/receive channels (Figure 5.3.). The frequency ranges from 0.5 MHz
to 20 MHz at a dynamic range of 70dB, with a Pulse Repetition Frequency (PRF) of up

to 20kHz.

5.2.3. Transducers

The nature of the project dictated that the transducers employed were capable of
operating in a liquid environment, and for this reason immersion transducers were
used. Immersion inspection gives uniform coupling, and facilitates operation in
situations where the part to be tested is either partially or fully submerged in water
(Figure 5.4.). The active piezoelectric elements of the transducers have an impedance
matched protective cover. This layer is to prevent damage to the crystal and facilitates
the sound energy transfer into the water and therefore into the component being
inspected [2]. The thickness of this layer will need to be considered when taking any
time/distance measurements. This is accomplished by selecting 2 matching layer that is
1/4 wavelength thick (\/4) and of the desired acoustic impedance with the active

element '2 the nominal wavelength (A/2) thick [3] (Figure 5.4).
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An ultrasonic couplant is used in virtually all contact testing applications, facilitating the
transmission of ultrasonic sound energy between the transducer and the test piece.
Where contact to the test piece is required a contact couplant, typically a viscous, non-
toxic liquids, gels, or pastes will be used. Their use is necessaty because sound energy,
at the ultrasonic frequencies typically used for non-destructive testing, is not effectively
transmitted through air because of the impedance mismatch [6]. Even extremely thin
air gaps between the transducer and the test piece affect the efficiency of sound energy
transmission and render testing impossible. Air interfaces represent a severe acoustic
impedance mismatch with respect to both transducer and the material undergoing
examination (Chapter 4.11.) The general purpose propylene glycol (C;H,O,) based
couplant used in these experiments was chosen because it has good surface wetting
properties, it will not corrode or otherwise attack materials, and it is easily washed off
with water. It is also chemically non-reactive and does not evaporate quickly at room
temperature. Propylene glycol has an acoustic impedance of 1.61 x 10’ kgm”s™ and is

similar to that of water of1.48 x 10° kgm’zs”.

5.3. Characterisation of the System

This section describes tests, which were catried out to charactetise the response of the
measurement system to assist with the interpretation of experiments on different
sample materials. The output voltage from the USPC 3100 flaw detector is a short
voltage pulse whose width can be modified to match half the wavelength of the
piezoelectric transducer to be excited and has been designed to drive transducers in the
0.5MHz to 20MHz range. Two tests were carried out, the first being to assess the
excitation voltage as a function of pulse width and the second to assess the received
voltage of a through transmission transmitter/receiver system coupled by water with no

sample present with respect to pulse width.
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The procedure was to transmit using one probe (TX). This was connected to the
pulser-receiver of the USPC 3100. The other two probes were connected to the
oscilloscope and operated as passive receivers (RX). It was established that the receiver
probes RX1 and RX2, electro-magnetically detected the initial pulse emitted from the
transmitting probe. The USPC 3100 has a trigger facility, however during these initial
experiments the initial pulse proved a reliable trigger soutce and was subsequently
utilized as the triggering signal for the oscilloscope. Accotrding to Brooks (2003)
“There is nothing inherently good or bad about electromagnetic coupling. Whether the

consequences of this coupling are beneficial or not depends entitely on the

circumstances”[9].

It was considered that when the transmitting probe received a reflected pulse then the
neighbouring probes might also detect these via the electromagnetic coupling.  This
was not the situation however, as the timings would be almost identical for all of the
probes within the system and was calculated as approximately 7.5ps over the separation
distance of 22.50mm. This was calculated using the relationship stated in Equation 5.1.
and the electromagnetic velocity as 299 793 +/- 0.3 km/s [10]. As this was not the

case, the mechanism was discounted and the time of flight of the electto-magnetic

signal was deemed negligible and subsequently ignored.

Table 5.1 Signal Path lengths and Angles

Transducets | Signal Path Lengths Velocity Angle of Time (ps)
(mm) +/-0.0lmm | +/-50m/s | Signal Paths | +/-0.01ps
TX-TX 70.50 + 70.50 = 141.00 | 5900 m/s 0.0° 23.90
TX-RX1 70.50 + 74.00 = 144.50 | 5900 m/s 17.7° 24.50
TX-RX2 70.50 + 83.64 = 154.14 | 5900 m/s 32.5° 26.13
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The series of expetiments required the detection of a known defect; and for this the 2
mm wide notch that is 85 mm from the inspection sutface of the V1 calibration block
was deemed suitable to use as a pseudo defect. These experiments would be carried
out with the probes in contact with the V1 block using the couplant stated in section
5.6. This series of experiments was also designed to evaluate the extent of the sound
field that the transducers, adjacent to the transmitting transducer, could reliably detect
and be repeated. The experimental results would then be assessed and compared the

expected theoretical results.

The objective of this project is to evaluate an immersion system and therefore only
compression waves are to be used. As compression waves have the greatest velocity of
all the ultrasonic wave modes, it is only the area prior to the arrival of the signal
received from the 100mm back-wall echo that is of concern. As an additional
precaution, the experiments will concentrate on the signal that arrives prior to the back-

wall echo, and employ a low pulse repetition frequency, to avoid stray echoes.

5.5.2. Pulse/Echo Scans

The aim of the first series of experiments is to evaluate what can be detected using the
standard pulse/echo method at the stated probe separation distances. These tests
would be used to simulate what the probes would have detected if this were an online
static array system. This will also provide a point of reference for the materials

examination when the additional probes ate introduced.
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Figure 5.19. shows the unprocessed pulse/echo A-scan from probe 3, which was
positioned with 50% of the probe over the 100mm distance with the other 50% of the
probe over the notch and the 91mm sutface. Point 1 on the A-scan is the echo from
the 2 mm notch at a distance of 85 mm from the transmitting probe. Point 2 is the

echo from the 91 mm back-wall, and point 3 is the echo from the 100 mm back-wall.

100
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Figute 5.19. Trace of probe 3 in Pulse/echo mode
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Figure 5.20. A-scan from Probe 2 with back-wall height set at 80%
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The times between the transmitted and received signals were recorded, with a precision
of 0.05yus, to determine the origin and path of the received signal. Figure 5.26. shows

the geometry of the signal paths between the probes and the notch.

Table 5.2. displays these calculated times together with the calculated distances using

5900ms™ for the speed of sound in steel and the relationship in equation 5.5.

Distance

— = Transit Time [5.5]
Velocity

Table 5.2. Calculated signal time and distances to the notch at 5900m/sec

A B C Backwall
Distance, mm +/- 0.05mm [ 795.60mm | 87.50mm | 85.00mm | 100.00mm
Time, s +/-0.05 ps (@ 5900ms™) 16.20us | 14.80us | 14.40us | 16.95us

Table 5.3. Probe to ptobe times and distances fotm the notch
(taken from Table 5.2.)

Theoretical Actual

Signal Paths | (Calculated from distances) | (from the A-scan graphs)

A+B 31.10ps 30.95us
A+C 30.60us 30.40us
B+C 29.20ps 29.20us
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The measured transit times are evaluated from the A-scans, using the time taken from
the initial pulse to the point of first significant increase in amplitude. The theoretical
times taken for a signal to travel the shortest path between the probes via the pseudo
defect are shown in Table 5.3. together with the measured transit times of the signal.
The tabled data sets show a strong time correlation, as the difference between the

calculated and measured time show a less than 1% deviation.

0.06

0.04
Notch

-0.04 Backwall

-0.06
0 4 8 12 16 20 24 28 32 36

Time (us)
Figure 5.27. The A-scan show the signal received at probe 2, transmitted from probe 3,

extending to 40ps after the initial pulse.

Figure 5.27. shows that the notch is detectable using the TX3 RX2 combination of
probes, however the noise preceding the notch echo requires filtering to teduce its
amplitude, and the SNR of the defect was calculated at —1.7dB using equation 4.19.
After the back-wall echo it is not possible to distinguish between further echoes due to
multiple internal reflections and mode conversion. Therefore, subsequent A-scan
graphs display the only signal from the defect and first back-wall echo. The A-scans
shown in Figure 5.28. was conducted using probes in positions 1 and 2. The A-scans
are produced from the data received at the oscilloscope and transferred into Microsoft

EXCEL.
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Figures 5.31. and 5.32. show the A-scans for the probes in positions 2 and 3 on the V1
calibration block. The signal from the notch is stronger and more readily identifiable as
a 5 MHz signal than the previous series of probe pairings. This is due to the probes
being both closer to the notch and that the notch lies closer to the centreline of the

main ultrasonic [obe.

The A-scans also indicate the presence the second echo signal and again it is similar in
frequency and amplitude as the notch echo signal. It was decided that this signal
required additional investigation, this was conducted using several different methods

and this is explained in the next section.

5.6.1 Spurious Echo Investigation

Certain assumptions were made based upon the previous experimental results, in that
the ultrasonic wave was diffracting from the corner of the notch. However there are
two signals present ptior to the artival of first back-wall echo. This second signal is
present on all of the experimental results from the V1 calibration block that has the
notch signal, and this section sets out to investigate the source of that second spurious
signal. Speculation as to the source of the second signal gave four principle areas of

investigation, these were:

1. Echo from the 91mm back-wall?

2. Mode converted echo from the near side of the notch?

3. Creep wave from the near side of the notch traversing along the surface of
the notch then diffracting from the far side?

4. Sidewall reflected echo after diffraction from the notch?
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Table 5.4.  Signal times and calculated distances for second signal
Probe pairs Time ps Distance mm
+/-0.05 us +/-0.05 mm
2&3 31.30 184.67
1&2 33.00 194.70
1&3 32.40 191.16

A method was required to evaluate the signal transit distances recorded in Table 5.4.
and their possible paths. Kuo et.al. (1998) describe several methods of using time
ellipses as a way of locating the tip of surface breaking cracks [18]. Their method was
employed on surface breaking cracks on the inspected surface of the component,
however the method could be adapted for a crack in this case the notch, on the reverse
side of the component. The equations, 5.6. and 5.7., were used to calculate the ellipse
of the spurious signal, with the ellipses being plotted against the V1 calibration block in

Figure 5.36.

[5.6]

Vertical Distance from Probe Centres = \/ ( 5 5

Signal Distancej2 _ ( Probe Separation jz

[5.7]

Probe Separation

Signal Distance -

Horizontal Distance from Probe Centres = > 2
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5.7. Conclusion

The measurement system was characterised and suitable operating conditions were
chosen, resulting in 5MHz frequency setting being employed for the duration of this

project.

The test on the steel billet had proved inconclusive due partly to the fact that the defect
was large and obscured the back-wall echo signal. It was suggested that the project
progressed to an immersion test on the billet, with the additional probes in position.
However it was decided that it was premature to move the project in this direction at
this stage, as it added additional variables to the experiment. Because of the potential
confusing signal traces, it was decided to eliminate as many of the variables as possible.
The subsequent seties of experiments was carried out on a subject containing a simple
known target. The options considered included a section of billet with a flat-bottomed
hole, as the target defect, as this method is widely employed within the NDT industry
[6]. However as the quality of the material could not be assured, it was decided to use a
V1 calibration block, as the steel was of certified quality (BS 2704:1978). The 2mm
notch could be utilized as a pseudo defect, and as this was a standatd calibration tool, it

would aid repeatability.

The next section of the Chapter was initiated to evaluate the potential within the probe

array to reliably detect a known defect. For this the 2mm wide notch that is 85mm

from the inspection surface of the V1 calibration block was used as a pseudo defect.
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The aim of this series of experiments was to evaluate what features within the V1 block
the individual probes, while operating in standard pulse/echo configuration, could be
discerned. The experiment was simulating what the probes would detect if this were an

online system and to provide a point of reference for future experiments.

The first set of experiments using the V1 calibration block showed that the probe at
position 3, could detect the notch and the back-wall echoes from both the 91mm back-
wall and the 100mm back-wall. This was as expected because the probe was positioned
directly above these features and therefore able to receive the directly reflected signal.
That the probe in position 2 also picked up a returning signal from the 2mm notch
however was unexpected. At 13 degrees away from the centreline of maximum
intensity, the notch was outside of the stated theoretical extremities of the main
ultrasonic lobe. This could also account for the large increase in signal gain required to
detect the notch (Figure 5.21. and 5.25.). That .the signal was detected and identified
requires some form of non-specular reflection, the probable method of which is
diffraction, as diffuse reflection requires a rough surface and the boundary variations to

be of the same order of magnitude or larger than the ultrasound wavelength being used

[19].

For the notch to be detected at the probe in position 2 using an automated system
would prove problematic to threshold the defect due to low signal to noise ratio. Also
operating at the required elevated levels of signal gain would lead to an increase in false

alarms.
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Section 5.5.3. was concerned with the spurious second echo and set out to investigate
its source. This second signal was present on all of the experimental results from the
V1 calibration block, and could not be ignored or dismissed as an anomaly. The
procedure to discover the signals source proved to be longer and mote involved than
initially anticipated. However the evaluation showed that the signal was due to internal
reflections owing to the V1 block being relatively narrow in profile and interacting with

the diverging ultrasonic beam.

The investigation into the spurious signal, introduced a technique devised by Kuo et. al.
(1998) [18] for measuring the depth of surface breaking cracks on the inspection
surface, using pairs of half ellipses. This half ellipse method was adapted for use on the
back surface of the V1 block, and was used successfully to evaluate the source of the

echo. In the next chapter, the technique will be evaluated further and in detail.

This initial experimental work served to layout the path of the next series of
experiments. These experiments will be conducted using the experience and
understanding taken from this work, in that care must be taken as to the source of the

echo signal and the half ellipse technique can be employed for echolocation.
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Chapter 6.

Time Ellipse Defect Location

6.1. Introduction

This chapter further explores the potential for using the ellipse method, introduced in
the previous chapter. In the previous chapter, the factors affecting the ellipse
technique were investigated. In this section, the technique will be evaluated as a tool for
locating the notch of the V1 calibration block. This sample was chosen as the material

and propagation properties have already been characterised.

The method used during this series of experiments differs from the one utilised by Kuo
etal. (1998) [1] who employed the technique for the location of nearside surface
breaking cracks. In their paper, the basic principle was to align the source and the
receivers geometrically on either side of the surface-breaking cracks, which is similar to
time-of-flight diffracdion (TOFD), whereas the probes in this experiment would be

positioned either above the defect or to one side of the defect.
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With the distance between the probes (2c) and half distance between the probe centres
being the centre of the ellipse (C). The signal transit time between the probe pair of

which has diffracted from the defect was considered as the radii (t,+ t,).

The following equations (Eq.6.1. and Eq.6.2.) provide the Minor and Major axis of the

ellipse.

Minor Axis

Major Axis

2a=#+r, [6.2]

6.3. Ellipse Calculations

As discussed in the previous chapter (Chapter 7.3.), the probes are at normal incidence
to the upper surface of a V1 calibration block and each probe sequentally transmitted
pulses. The experiment was repeated several times and the average transit time of the
signal returning to the two passive probes was recorded. The sampling frequency
employed was 50MHz (20ns/point) to give accurate reproduction of the waveform [3].
This frequency was also sufficiently above that of the signal frequency of 5MHz, to

avoid the problems of signal aliasing [4].
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Table 6.1. displays the average of recorded times together with the distances calculated

using 5900 m/s for the speed of sound in steel and the telationship in Equation 5.3.

Table 6.1 Signal path distance calculated at 5900m/sec

Distance (mm) Time (us)

Signal path +/-0.05mm +/-0.05us
A&B 182.60 30.95
A&C 179.40 30.40
B&C 172.30 29.20

The calculated signal path distances were substituted into the two ellipse equations
(Equation 6.1 and 6.2)) Using the dimensions calculated from the equations, ellipses

were drawn and plotted against a drawing of the V1 calibration block.

Probes 1 and 2, signal path A-B.

2 2
Minor Axis 2, =2 (182'61J —(22'5] (6.3]
2 2
.. b=90.6lmm
Major Axis2, =91.30+91.30 =182.60 [6.4]
5. a=91.30mm
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Probes 2 and 3, signal path B-C.

2 2
Minor Axis 2, = 21 /(1722'28) —(222'5j

- b=85.40mm

Major Axis2, =86.15+86.15=172.30

..a=286.15mm

Probes 1 and 3, signal path A-C.

2 2
Minor Axis 2, =2, {(1792'40) —(g]

~.b=86.83mm

Major Axis2, =89.70+89.70 =179.40

s.a=89.70mm

[6.6]

[6.7]

[6.8]

The resultant plot (Figure 6.2.) shows that the intersection of the three ellipses

generated from the three pairs of probes, located the 2mm wide notch within the V1

calibration block with an accuracy of +/-0.5% of the travelled signal distance.
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Chapter 7.

Signal Echo Enhancement using DSP

7.1. Introduction

This chapter sets out to investigate and subsequently employ the most suitable digital
signal filter to enhance the signal to noise ratio of the received ultrasonic signal. In
previous chapters, the signal returning from the notch has been preceded by low
frequency high amplitude noise. This has been identified using Equation 5.3. as a
surface wave reflecting from the sides of the test material. It is however an un-required
signal, and it will be treated as noise and filtered out, as this could cause problems with
automated defect detection systems that rely upon signal thresholding, which requires

the defect signal to be of greater amplitude than the ambient noise.

The MathWorks program, MATLAB®, is extensively used to apply several various
signal filters in order to improve the signal to noise ratio (SNR). To obtain these
results, the unprocessed signals were recorded using the digital oscilloscope with a
sampling rate of 50M samples/sec (S0MHzZ) as stated in Chapter 5., and transferred via

Microsoft EXCEL digitally into MATLAB®.
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The chapter will then progress and investigate the potential of combining the two
techniques, that of ellipse geometry and the application of DSP to enhance the

likelihood of detection of the defect within the V1 calibration block.

7.2. Digital Signal Processing

The discontinuity signals measured by an ultrasonic NDT system; include the effects of
the measurement system, and are corrupted by different types of noise. According to
Kazanavicius etal. (2003), an A-scan signal may carry information on material
properties and defects, but the information appears within, or together with, various
guises of noise [2]. There is a complex interaction between the defect geometry,
diffracted, mode converted waves and the back-scattered ultrasonic waves inside the

test piece .

Current means of automated defect detection use vatious preset level gates within the
flaw detector. The system is alerted when the amplitude level moves above or below
the set threshold of the gate and is defined as monitor level or thresholding [3]. Much
research has been done on ultrasonic signal processing, for more reliable and versatile

signal processing techniques without a definitive solution [4].
It was decided to conduct the initial DSP filtering using the signal with the best signal

to noise ratio (SNR) and with the most defined notch diffraction signal. The signals

from the previous ellipse experiment were collated and transferred into MATLAB®.
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7.3. Cross-correlation Filtering

Several of the embedded algorithms were explored, with varying levels of success,
however the one chosen gave greater consistency of results when applied to the signals
received at the passive probe. The choice was made to design and use a matched filter
to reduce the noisy signal. The cross-correlation or matched filter is used extensively in
pattern recognition and signal detection [5]. The term cross-correlation comes from
statistics, and what is defined here is more appropriately called a sample cross-
correlation filter [6]. This is achieved by projecting one signal onto another as a means

of measuring how much of the second signal is present in the first.

Several approaches to designing the signal for the filter were considered, these included;

¢ Designing the ideal 5SMHz signal using the MATLAB® programme
o Using the defect echo

¢ Using a backwall echo

The first option of designing the ideal signal was dismissed as Kazanavicius et.al.(2003)
suggest that the approach of signal processing should be conducted using the noisy
signal itself to construct the signal processing method [2]. The backwall signal
however, is for most pulse/echo inspections the main reflector and thetefore easily

obtained, and this was the signal used in the development of the filter.
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A typical backwall echo was isolated from one of the many signals similar to that in

Figure 7.2, and imported digitally into MATLAB® and evaluated using various

algorithms.

3.00E-02
2.00E-02 A
el
el
-1.00E-02 \ /
el N/

\/

Amplitude (atbitrary)

-3.00E-02

34 341 342 343 344 345

Time (ps)

Figure 7.2. Isolated backwall echo signal

After one cycle through the filter the signal showed little improvement over the input
signal. It was decided to undertake a multi-stage filter using the original sinusoidal
correlation signal but using the product of the previous filtering operation. The
product of the second filtering cycle was improved, in that the signal to noise ratio had
been greatly enhanced. However, it was decided to repeat the procedure until the noise
preceding the notch signal was of sufficiently low amplitude that the signal could be

reliably and repeatedly threshholded.
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7.5.  Filtering a Weak Echo Signal

It has being shown that Digital Signal Processing (DSP) can improve the signal to noise
ratio of the defect echo signal. However to this point the DSP had only been applied
to the signal from adjacent probes with the strongest echo signal, but to confirm the
choice of filter, it must also realise the defect from the weaker echo signals scattered
from the defect. The signals were re-examined and it was decided to use the signal
from the probe in position 3 with the probe in position 1 receiving the signal. This
signal had the least favourable SNR, calculated using the equation 4.19. as —5.5dB. The
notch echo was still distinguishable from the noise, however it would not be revealed

by signal thresholding methods.

7.6. Cross-correlation Filtering of a Weak Echo Signal

The first of the two most successful FIR filters form the previous experiment, the
cross-correlation filter, was applied to the weaker signal. The cross-correlation filter
used the same backwall echo signal (Figure 7.2.), as the previous experiment. This
enabled a true evaluation of the filter as it had been applied to both a strong and weak
echo signal. After the first cycle through the filter the signal showed little improvement
over the input signal. It was decided to again employ a multi-stage filtering approach as
in the previous experiment. This was conducted using the original sinusoidal
correlation signal but using the product of the previous filtering operation. The
procedure was repeated through six cycles until the noise preceding the notch signal

was sufficiently low in amplitude that the signal could be reliably threshholded
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all the filtered signal times to compensate for the filtering effect. However the time of
0.2us is for the total transit time within the matetial, equating to 1.2mm, which is also
the wavelength of the ultrasound within the material. This equates to a maximum
effective location accuracy of A/2 (0.6mm) [8], even without the compensation, the
location of the defect would not be overly affected. Table 7.1. displays the average of
filtered times with the corresponding distances calculated using 5900 m/s for the speed

of sound in steel and the relationship shown in Equation 7.1.

Table 7.1. Filtered signal path distance calculated at 5900m/sec

Distance (mm) Time (us)

Signal path +/-0.05 mm +/-0.05 pus
A&B 184.10 31.20
A&C 180.50 30.60
B&C 172.90 29.30

The results displayed in Table 7.3. are the distances when 1.2mm is subtracted, to
compensate for the effect of the filter. The ellipse equations 6.1. and 6.2. were applied

to the corrected distances in Table 7.3. and the results plotted against the V1 calibration

block.

Distance
Velocity

= Transit Time [7.1]
The difference in distances between the unfiltered signal and the filter-corrected signal
are listed in Table 7.4. This shows that the largest difference in distance is 0.60mm
(<0.5%), between probes 2 and 3, and is equivalent to the effective minimum defect

detection of half of the wave length (A\/2) [8].
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Table 7.3. Filtered signal path distance calculated at 5900m/sec

 Filtered signal distance (mm) | Corrected distances (mm)
Signal path +/-0.05mm +/-0.05mm
A&B 184.10 182.90
A&C 180.50 179.30
B&C 172.90 171.70

Table 7.4. Signal path distance differences

Unfiltered distance | Filtered and corrected | Difference between
Signal path +/-0.05mm distances filtered and
+/-0.05 mm unfiltered distance
A&B 182.60mm 182.90mm 0.30mm
A&C 179.40mm 179.30mm 0.10mm
- B&C 172.30mm 171.70mm 0.60mm
Table 7.5. Signal to Noise Ratios (dB)
Probe Pairs Unfiltered Signal Bandpass filtered | Correlation Filtered
Signal Signal
Tx3 Rx2 signal -2.0dB 12.0dB 17.0dB
Tx3 Rx1 signal -5.5dB 7.2dB 9.5dB

Two variations of FIR filters were evaluated, a bandpass filter and a cottelation filter

using an isolated backwall echo as the filter signal. The signal required several passes

through the correlation filter to effectively improve the signal to noise ratio (Table 7.5.)
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7.9. Conclusion

The first section of this chapter investigated the half ellipses as a geometric method of
locating a defect. The experimental work conducted in this chapter show that the
technique could be adapted the to locate the defect on the bottom surface of the V1
calibration block. The use of three probes and the combination of signal paths
provided data to locate the notch, using the intersection of the three ellipses, to an
accuracy of <0.5% of the transit distance. However, the weaker echo signals required a

subjective approach in their time estimation.

The MATLAB® filter design and analysis tool (FDATool) and signal processing
toolbox (SPTool) were employed to design and develop a FIR bandpass filter, and
effectively apply the filter to the signals. The developed filter was similar in its
effectiveness to the correlation filter in improving the signal to noise ratio. However,
the time delay imparted upon the signal was a tenth of that of the correlation filter, and
thereby chosen as the most effectual filter for this application, with the SNR results
shown in Table 7.5. The application of the FIR bandpass filter to the weaker echo
signals enabled the signal to be thresholded, and thereby objectively measure their
transit imes. The application of the ellipse geometry equations to the FIR filtered
signals proved that the techniques were compatible and that with relatively basic signal

time correction the defect could be located.

This work was presented at the 30™ Annual Review of Progress in Quantitative Non-
destructive Evaluation (QNDE) July 27-August 1, 2003, held in Green Bay, Wisconsin
US.A. Also a modified version of this work was published in the journal, Non-

destructive Testing and Evaluation [9]
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Chapter 8.

Multi-Probe Scan

8.1. Introduction

The project remit required that the inspection be cartied out on an immersed and
moving steel billet. This required two additional variables into the development of the
system. It was decided that the immersion section of the project be conducted as the
last section of the project. The moving billet experiment would be conducted by
indexing the transducer array by a specific distance after each individual pulse
examination was conducted. This procedure will then be repeated over the designated

area of the V1 block to be examined.

As previously stated in section 2.2. of this thesis, each individual 10mm diameter probe
is firing every 8mm of billet, when travelling at 1m/s. However the scans for this
experiment will be conducted in 1mm increments, this being the lower figure of the 1-
2mm that is stated by Wolfram (2000) [1], equating to 60 individual A-scans of the V1

block.
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The scans showed that the diffracted signal was detectable by the passive probe, when
the receiver was over 42mm from the notch and the transmitter 20mm from the notch.
Figure 8.2. shows the increase of detection ability using the standard single-probe-
multi-receiver scan over the conventional single-probe pulse/echo scan. It shows that
the NPD system starts detecting the defect at a lateral distance of 41mm from the
defect whereas the pulse-echo probe needs to be within a range of 15mm. Howevet, at
the 41mm distance the reliability of detection was erratic, and only became stable when
the distance from the notch was less than 35mm (Figure 8.2.) The de£ect1'on limit is
defined by Birks (1991) as the smallest measurement having a probability of 97.5% of
not being caused by noise [2]. The application of the limits advocated by Bitks, equates
to a distance from the notch of 33mm. From these results it was decided to scan for

60mm, i.e. 30mm either side of the notch.

8.3. Scanning the V1 Block

The method was to use two probes, one as the dedicated transmitter the other as the
receiver, and scan the V1 block maintaining the 22.5mm probe separation. The starting
position of the probes array was with the centre of the array 30mm from the notch,
with the transmitting probe facing the radius of the V1 block (Figure 8.3.). The scan
was conducted in 1mm increments, being the lower figure of the 1-2mm that is stated

by Wolfram (2000) [1], that is 60 individual A-scans of the V1 block.
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The ultrasonic pulse is generated in a generic transmitter/receiver — flaw detection
system, with the received signal being diverted into the Digital Signal Processor. The
signal is then filtered to maximise defect detection, and time cotrected, to remove the
delay imparted during the FIR filtering process. It is envisaged that the filteting process
could have variable parameters, depending upon the input frequency. The threshold
level may requite a parameter variance, dependent upon material dimensions and
sensitivity required. The output signal now has two alternatives. This is dependent

upon how the threshold DSP has categorised the signal as either defect, or no-defect.

If no-defect is registered, then no further action is required. If however a defect has
been identified, then the signal remains within the DSP system for additional
processing. This additional processing is the application of the ellipse equations for the
geometric location and positioning of the defect. The data on the defect could be

displayed as 3-dimensional co-ordinates, or be graphically displayed.
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8.6. Conclusion

The project required that the inspection be carried out on an immersed and moving
steel billet. The immersion experiments are conducted later in the project, in Chapter
10. Indexing the probes a specific distance over the billet and recording the individual
A-scans overcame the problem of conducting the examination on a moving billet,

successfully simulating the billet traversing the probe array.

The extent of the region of which the passive probes could receive the diffracted signal
from the notch was ascertained to minimise the length of the scan. These scans
showed that the diffracted signal was detectable at over 40mm from the notch by the
passive probe receiver, after filtering. The results indicated that the signal could be
reliably and repeatedly detected from a distance from the probes of 33mm from the

defect with a >6dB Signal to Noise Ratio.

The results from the unfiltered scan (Figure 8.4.) showed that the passive probe could
reliably define the features within the V1 block. The unfiltered B-scan showed a
graininess indicating background noise; also, the graphics displayed long diffraction arcs
from the notch. Once the filtering process had been applied (Figure 8.5.), the B-scan

was cleaner in appearance with the notch in particular being more clearly defined.

The next stage of the filtering process was to threshold the filtered signal, this proved

to be successful as the background noise and the diffraction arc from the notch were
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effectively filtered out (Figure 8.8.). The process demonstrates that time of flight
diffraction can be realized using passive normal probes (Normal Probe Diffraction,

NPD) to effectively locate and realise defects.

The use of a NPD system could increase the throughput speed of the steel billet due to
its increase of volumetric inspection per individual transducer pulse. A proposed
system was designed and laid out in the form of a block diagram and is displayed in
Figure 8.9., with the various elements shown in there relative positions. The design of a

working system will be addressed in the final chapter, conclusions and further work.

The first section of this chapter covering the signal detection limits and the filtering of
the signal matrix formed part of a poster presented at The 31" Annual Review of
Progress in Quantitative Non-destructive Evaluation (QNDE) held in Golden,

Colorado U.S.A. 2004.

A journal paper based upon this work was presented at The 42nd Annual British
Conference on NDT held in Bransford, Worcester UK. on 16-18 September 2003, and
subsequently published in the Insight journal of the British Institute of Non-

Destructive Testing [6].
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Chapter 9.

NPD Applied to a Section of Steel Billet

9.1. Introduction

The application of the developed technique has so far been conducted using a known
test sample containing a pseudo defect, the V1 calibration block. In this chapter, the
technique is applied to the original 70mm x 70mm section of steel billet first used in
Chapter 5 of this thesis. The first part of this chapter describes the general experiment
set-up using an immersion multi-probe transmitter/receiver array and a 2.5mm
diameter 10mm deep flat-bottomed hole as a simulated defect machined into the steel
billet. The identical inspection is then repeated on a billet containing a defect produced

during its manufacture.

This series of experiments completes the remit of the project and the investigation into
the development of a potential system or techniques’ using an array of normal angle
immersion probes for billet inspection. Geometric defect location using ellipse
calculations have been characterised in numerous previous experiments, and will

therefore not form patt of the final series of tests.
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The scan of the steel billet was conducted over a distance of 60mm and sampled at 1
reading per probe position every 1mm [2]. The method was to use two probes, one as
the dedicated transmitter the other as the receiver maintaining the 22.5mm probe

separation as used in previous experiments.

The 10mm deep, 2.5mm diameter flat-bottomed hole was located on the underside of
the billet as shown in Figure 9.2. The starting position of the scan was with the centre
of the two-probe array 30mm from the centre of the flat-bottomed hole (Figure 9.2.)
To make the data more manageable, a matrix was formed from the data using
Microsoft EXCEL, allowing the data to be plotted using 3-dimensional graphics and

stacked to create a B-scan (Chapter 4.2.) [3].

94, B-scan of the Flat-bottomed Hole

The first 40us of the signals transit time through the water was removed as it contained
no data relevant to the experiment, and therefore the B-scan starts just prior to the
water/steel interface. The FIR bandpass filter developed previously in Chapter 8.6. was
applied to the B-scan signals displayed in this section (Figure 9.3.) The diffraction arc
formed from the 2.5mm flat-bottomed hole (the defect) can be readily identified in the
B-scan displayed in Figure 9.3. with the signal to noise ratio calculated at —2.1dB using
the equation 4.19. Behind the defect, the backwall echo signal shows a reduction in
amplitude due to the ultrasonic energy being dissipated by the defect [3]. The reduction
in backwall amplitude is more apparent when the signal matrix is displayed in a three
dimensional matrix, as displayed in Figure 9.4. with the greater amplitude represented

by the darker shade.
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9.6. Conclusion

The geometric defect location using the ellipse calculations have been proved in
numerous previous static billet experiments. However it would requite a significant
amount of development time to be successfully adapted for use on a moving steel billet.
As the project contained time constraints, it was decided that the geometric location

method would not be included in the final series of tests.

The application of the NPD technique had up to this chapter been developed only
using the V1 calibration block as a test sample. During these expetiments, the
technique detected the 2mm notch that was used as a defect with a SNR of —1.5dB.
However, because of the additional complexities associated with immetsion testing
coupled with the extra problems of mode conversions, refraction etc., the technique
would therefore require additional development to be employed on a moving

submersed steel billet.

In this final chapter of the thesis, the technique was applied to a section of steel billet
70mm x 70mm in cross-section. A 2.5mm flat-bottomed hole was used as defect, and a
pseudo scan was conducted on the billet (Figure 9.3.). The 2.5mm flat-bottomed hole
was apparent in the B-scan, through the diffraction arc formed, and theteby detecting

the flat-bottomed hole with a SNR of —2.1dB using the NPD process.

The technique was subsequently applied to the section of steel billet with a naturally
formed discontinuity. The defect was located prior to the NPD scan using a single
pulse/echo probe scan, and conducted to ensure that a discontinuity was present in the

section under inspection.
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The scan was conducted using all of the positions of the array, with each individual
probe giving a different perspective of the defect. Several of the probes did not
indicate the presence of the defect. This is due to the shape of the defect or
unfavourable defect orientation in relation to the probes concerned. The SNR was
improved significantly from —4.5dB of the unfiltered signal to 17.0dB using the

technique.

The remaining probes received an echo signal from the defect of varying clarity.
Because the defect was naturally formed void with an uneven surface structure, how the
signals arrived at the transducers (diffraction, reflection, refraction etc.) was uncertain,

however the signal was successfully interpreted and the defect detected.

The displaying of the signals as filtered A-scan stacked to form B-scans is the simplest
way of displaying the signals resulting from the application of the NPD technique. Due
to the amount of data involved, it is the only practical method for manual inspection, as
if the data was displayed as A-scans, 420 individual A-scans would have required
analysis. This requires the designed automated system to have sufficient digital signal

processing power to manipulate the volume of data received.

The experimental work conducted during this project has repeatedly proved that under

laboratory conditions, the use of the passive probes in conjunction with the application

of DSP can enhance the detection of discontinuities within steel sections.
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Chapter 10.

Conclusions and Further work

The remit of the project was to investigate and develop the present ultrasonic system
currently employed at the steel mill. The motivation being that the system is not being
fully utilised to its full potential in that only one probe, within the array, is in use at any
time. Therefore, if more than one probe or all probes could be simultaneously used,
the system could be operated more effectively, theoretically leading to a faster
throughput of inspected material, or increased defect detection sensitivity, or higher
reliability of defect detection, or a combination of the gains. The system developed in
this project was initially to be designed as an immersion technique using an array of
normal angle probes used for billet inspection. However the technique developed is

potentially transferable to other ultrasonic multi-probe array applications.

The preliminary experiment of the project was conducted on a section of steel billet,
and proved inconclusive due to the received signals being complex and not immediately
interpretable. This was due partly to the fact that the defect was large and unknown

and it was decided that there were too many variables for the initial experiment.
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Because of the complexities of signal trace, it was decided to eliminate as many of these
variables as possible. The subsequent series of experiments were therefore carried out

on a subject containing a simple known target.

It was decided to use a V1 calibration block as the quality of the material could be
assured [1], and the 2mm notch could be utilized as a pseudo defect. The first series of
experiments on the V1 block indicated that the signal from the 2mm notch was
detectable from outside that of specular reflection. Also, at 13 degrees away from the
centreline of maximum intensity; the notch was also outside of the stated 20dB drop
inspection zone of the main ultrasonic lobe [2]. This required a form of non-specular
reflection as the method of signal propagation. The probable method of this being
diffraction, because diffuse reflection requires a rough sutface and the boundary
variations to be of the same order of magnitude or larger than the ultrasound
wavelength being used [3], and the V1 block had a known surface finish. The
experiments showed that the signal generated from one probe was detected by the
reflection off the backwall outside the 20dB drop inspection zone of the main
ultrasonic lobe, and that the notch was detected through signal diffraction. The next
experiment was conducted to determine the origin of a sputious echo generated within
the V1 block. This experiment also introduced the ellipse method of geometric defect
location technique devised by Kuo et. al. (1998) [4]. The experiment indicated that the

echo was from an internal sidewall reflection, due to the 25mm width of the V1 block.

Chapter 6 of this thesis further developed the ellipse method to locate the defect on the
bottom surface of the V1 calibration block by using the three probes and the
combination of signal paths, locating the notch by using the intersection of the three

ellipses, achieving an accuracy of <0.5% of the transit distance.
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The weaker echo signals received during the ellipse experiment however required a
subjective approach in their time estimation and to address this problem it was decided
to employ DSP techniques to the signals. The MATLAB® filter design and analysis
tool (FDATool) and signal processing toolbox (SPTool) wete employed to design,
develop and effectively apply the various filters to the echo signals. Two variations of
FIR filters were extensively evaluated, a bandpass filter and a cotrelation filter. The
successful application of the FIR bandpass filter to the weaker echo signals enabled the
signal to be thresholded, and thereby measure their transit times. The appliance of the
designed correlation filter, improved the SNR form —2.0dB to 17.0dB, with the band
pass filter achieving an improvement from —2.0dB to 12.0dB when applied to the same
signal. However the time delay imparted upon the signal was a tenth of that of the

correlation filter, and thereby selected as the most effectual filter for this application.

The work conducted to this point was presented at the 30" Annual Review of Progress
in Quantitative Non-destructive Evaluation (QNDE) July 27® -August 1%, 2003, held in
Green Bay, Wisconsin U.S.A. A modified version of this work was also published in

the journal, Non-destructive Testing and Evaluation [5].

The project then investigated the potential of combining the two techniques, that of
ellipse geometry and the application of DSP to enhance the likelihood of detection of
the defect within the V1 calibration block. The application of the ellipse geometry
equations to the FIR filtered signals proved that the techniques were compatible and
that with relatively simple signal time correction the defect could be located. The
process demonstrates that time of flight diffraction can be realized using passive
normal probes (Normal Probe Diffraction, NPD) to effectively locate and realise

defects.
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A journal paper also based upon this work was presented at The 42nd Annual British
Conference on NDT held in Bransford, Worcester UK. on 16-18 September 2003, and
subsequently published in the Insight journal of the British Institute of Non-

Destructive Testing [6].

The project brief required the inspection to be conducted on a moving section of steel
billet. This was initially conducted on the V1 block by indexing the ptrobes to a specific
distance over the block and recording the individual A-scans, and simulating the

material traversing passed the probe array.

This work formed part of a poster presented at The 31" Annual Review of Progress in
Quantitative Non-destructive Evaluation (QNDE) held in Golden, Colorado U.S.A.

2004. A copy of the poster is available in the appendix of this thesis.

A proposed system was designed and laid out in the form of a block diagram giving an
explanation to the proposed system. The design and development of system hard and

software was considered as the main area for future development and research.

In April 2005, a paper on this development work was presented by Lei Zhang, at the
Institute of Materials, Minerals and Mining Confetence on advances in on-line
instrumentation for matetials characterisation in the metals industry. A second paper
was presented at the British Institute of Non-Destructive Testing Annual Conference

2005. Copies of both papers are available in the appendix of this thesis [7, 8].
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The final chapter of the thesis concludes with the inspection of a section steel billet.
The developed NPD technique was applied to a section of billet containing both a
2.5mm flat-bottomed hole, and a void, formed during the steel making process. The

technique located both types of defect.

At the commencement of this project, phased array systems were complex and costly
for implementation into a steel mill, requiring additional technician training. The
reduction in cost of processing power and reduced production costs has however
increased the accessibility of these systems. The development of more user friendly

and simpler user interface has also reduced the training required on these systems.

The Normal Probe Diffraction technique developed increases the detection of a defect
within a static probe array, using standard low cost normal angle probes. The project
has repeatedly proved that under laboratory conditions, the use of the passive probes in
conjunction with the application of DSP can enhance the detection of discontinuities

within steel.
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Abstract

In steelmaking, on-line defect position and real-time size detection are desired. Many
methods have been tried and developed for achieving a reliable cost-effective solution.
Ultrasonic detection is commonly used in this field of non-destructive testing (NDT) in
the steel industry. Traditional ultrasonic defect detection systems use an array of probes
in which each probe pulses and receives sequentially. One new ultrasonic detection
technology-Normal Probe Diffraction (NPD) has been proven to enhance the probability
of detection for steel testing in the previous research.

In this project, a rapid Digital Signal Processing (DSP) prototype for realising the real-
time system is modelled and simulated to implement the NPD technique. A DSP
integrated development board is used to implement the NPD algorithm and process the
digital signal in real-time. An analog expansion daughterboard is also applied in order
to gain a fast digital-to-analogue conversion speed for the desired high frequency pulse
signal. Variable frequency and wave shape pulse signals can be used in order to gain
the best testing effect. A custom high frequency high voltage power amplifier is also
designed to get a good response from the transducers. To remove the randomly
distributed background noise that disturbs the recognition of the defect echoes and
increase the behaviour of the system, several DSP algorithms such as correlation are
applied and different filters including FIR filter and IIR filter can be chosen for
experiments as well.

The developed real-time system will help increase the probability of detection of defects
in steel billets and produce low-cost system solution for ultrasonic billet inspection in
steel industry.

1. Introduction

Various defects such as inclusions, bubbles and cracks can affect the quality of the steel
and may cause tremendous waste in the steel industry; therefore the detection and
recognition of these defects without destructing the tested object is becoming
increasingly significant. In steelmaking, on-line defect position and real-time size
detection are desired under the urgent requirement for higher quality products. Many
methods have been tried and developed for achieving a reliable cost-effective solution.
Ultrasonic detection is commonly used in this field of non-destructive testing (NDT) in
the steel industry. Traditional ultrasonic defect detection systems use an array of probes
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in which each probe pulses and receives sequentially. One new ultrasonic detection
technology-Normal Probe Diffraction (NPD) has been proven to enhance the probability
of detection for steel testing in the previous research . In this work, the necessary real-
time system is simulated with software and the corresponding hardware is to be realised
and tested to demonstrate the result. In order to gain the best testing effect, a high
voltage amplifier is designed for the high frequency output ultrasonic to get a good
response from the transducers and gain a better feedback from the tested object. A
variable frequency and pulse shape can be completely and flexibly controlled in real-
time. To remove the randomly distributed background noise that disturbs the
recognition of the defect echoes and increase the behaviour of the system, several
Digital Signal Processing (DSP) algorithms are applied and different filters can be
chosen for real-time analysis as well.

2. Normal Probe Diffraction
2.1 Background Knowledge

The nature of the project dictates the specific areas of concentrated ultrasonic research,
however all areas of wave propagation are to be briefly researched to ensure no
potential avenue is overlooked.

The transducer forms the core of all non-destructive ultrasonic inspection procedures,
and whether a work-piece can be inspected or not depends upon the acoustic properties
they possess. The choice of the correct transducer is therefore indicative for the quality
and the reliability of inspection results. Ultrasonic transducers work almost exclusively
according to the piezoelectric effect, and there are four fundamental transducer types:
Straight beam transducers, Angle beam transducers, Delay line transducers and Twin
crystal transducers. In this project, the straight beam transducer is initially required and
is dictated by the remit. This type of transducer has one main drawback, in that the poor
recognition of near-to-surface discontinuities due to the width of the initial pulse,
however in this project it is the core of the material that is of most interest.

Transducers also differ with respect to the size of the active piezoelectric elements, their
frequency, bandwidth and the basic design. The selection of bandwidth is essential for
achieving certain test results - narrow bandwidth for highly sensitive testing, or broad
banded for high resolution testing. The sound field characteristics of a transducer, is
generally derived from the diameter and the frequency of the piezoelectric element.

The Near Field is the region in an ultrasonic beam that is subject to variations of
intensity due to diffraction effects. It extends from the source of radiation to a point just
short of the far field. Diffraction is a particular example of wave interference and is
common to all wave motion. Defect detection in the near zone should be avoided unless
the characteristics of the probe used are accurately known. Figurel shows the near field

N, the angle of divergence of 7 and the far field for a typical circular probe.
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