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CHAPTER 1
INTRODUCTION

With increasing demands for higher productivity and quality, there has been increased interest in monitoring all aspects of the machining process. Among various process conditions, surface finish is a very important factor determining the quality of a piece. As surface topography is of great importance in specifying the function of a surface. So, the present industrial practice is to inspect the surface roughness of one out of every fifty to a hundred parts due to the time and cost associated with surface roughness measurement. The part is removed from the manufacturing line and measured with a stylus based profilometer in a "clean" environment. This procedure is time consuming and can often result in damage to the part. So direct surface roughness measurement is, therefore, needed for machining control as there is no absolute, robust way to predict 'the roughness analytically or experimentally.  To encounter this difficulty, the roughness measurement technique used in the present work uses an ultrasonic nondestructive testing. 
Ultrasonic nondestructive testing is a versatile technique that can be applied to a wide variety of material analysis applications. While ultrasonic NDT is perhaps better known in its more common applications for thickness gauging, flaw detection, and acoustic imaging, whereas high frequency sound waves can also be used to discriminate and quantify some basic mechanical, structural, or compositional properties of solids and liquids. From this point of view, it can be seen that the use of ultrasound is well established as a NDT tool, and too many information can be obtained about the specimen being tested by using ultrasonic inspection. 

On the other hand in every stage of life we are facing with some imperfections. This could be anything depending on the subject. But the fact is that, these imperfections are the nature themselves. Roughness is the nature of surfaces. In some applications you can make use of it (i.e. braking principle etc.) but whereas it may be a major problem standing against us in another application like in ultrasonic testing. 

On the other hand, if, how the acoustical structure behaves is known when it faces with a rough surface and built a correlation between roughness and acoustical properties, than it may be possible to predict how test results of the ultrasonic inspection will be affected without altering the surface quality. 
This study is based on this consideration. Several tests were made during this study to determine a correlation between roughness and ultrasonic inspection data. The specimens were prepared from commonly used industrial structure material AISI 1040 Steel. The results obtained from this study may be used for better estimation of the discontinuities at test pieces having rough front surface structure. The proposed ultrasonic technique can be implemented for online monitoring of surface roughness in end milling process. This completely eliminates the separate inspection station for surface roughness measurement.
CHAPTER 2

DIFFERENT NDT TECHNIQUES
2.1 INTRODUCTION
In order to maintain the materials defects free and ensure a high degree of quality & reliability and as a part of inspection programme, usually following NDT methods are applied; 

1) Liquid penetrant 

2) Magnetic particle

 3) Eddy current 

4) Ultrasonic 

5) Radiography (x-ray/gama ray) 


2.2. Liquid Penetrant Technique
Liquid penetrant testing is one of the oldest of modern nondestructive testing methods & widely used in aircraft maintenance. Liquid penetrant testing can be defined as a physical & chemical nondestructive procedure designed to detect & expose surface connected discontinuities in 'nonporous' engineering materials. 

The fundamental purpose of penetrant testing is to increase the visible contrast between a discontinuity & its background. This is achieved by treating the area with an appropriately formulated liquid of high mobility & penetrating power (which enters the surface cavities), and then encouraging the liquid to emerge from the developer, to reveal the flaw pattern under white light (when visible dye penetrants are used) or under ultraviolet light (when fluorescent penetrants are used). Evaluation also conduct with the aid of 3X to 5X magnification. The objective of liquid penetrant testing is to provide visual evidence cracks, porosity, laps, seams of other surface discontinuities rapidly & economically with high degree of reliability. 
2.3 Magnetic Particle Technique
Magnetic particle testing is a sensetive method of nondestructive testing for surface breaking and some sub-surface discontinuation in 'ferro-magnetic' materials. 

The testing method is based on the principle that magnetic flux in a magnetised object is locally distorted by the presence of discontinuity. This distortion causes some of the magnetic field to exit & re-enter the test object at the discontinuity. This phenomenon is called magnetic flux leakage. Flux leakage is capable of attracting finely divided particles of magnetic materials that in turn form an 'indication' of the discontinuity. Therefore, the test basically consists of three operations : a) Establish a suitable magnetic flux in the test object by circular or longitudinal magnetisation. b) Apply magnetic particles in dry powder of a liquid suspension; and c) Examine the test object under suitable lighting conditions for interpreting & evaluating the indications. 

Fluorescent or black oxide particles in the aerosol cans are used during critical areas of aircraft structure/components inspection when using either permanent or electromagnets. Fluorescent particle inspection method is evaluated by black light (Black light consists of a 100 watt mercury vapour projection spot lamp equipped with a filter to transmit wave length between 3200 to 3800 Angstrom unit and absorb substantially all visible white light).  

2.4. Eddy Current Technique
Eddy current tests are important test & widely used method within the broad field of Nondestructive materials & evaluation. This method is particularly well suited for the detection of service induced cracks usually caused either by fatigue or by stress corrosion. Eddy current inspection can be performed with a minimum of part preparation and a high degree of sensitivity. 

Eddy currents are electrical currents induced in a conductor of electricity by reaction with alternating magnetic field. Eddy currents are circular & oriented perpendicular to the direction of the applied magnetic field. The a) electrical conductivity b) magnetic permeability c) geometry and d) homogeneity of the test object, all affects the induced currents. 

The electrical conductivity & magnetic permeability of a material is influenced by its chemistry & heat treat condition. Mixed lots of materials or parts subjected to fire or excessive heat damage can be quickly & easily separated (conductivity testing). Changes in the geometry & homogeneity of the test object will change the magnitude & distribution of the eddy currents. By monitoring these changes, the presence of cracks & other flaws can be detected. 

The eddy current inspection system basically consists of five functions  a) Oscillator b) Test coil absolute or differential c) Bridge circuit d) Signal processing circuits e) Read out or display. 

2.5 Ultrasonic  TEchnique
Sound with a frequency above the limit of audibility is called 'ultrasonic'. It ranges with a frequency of 0.2 MHz to 800 MHz. 

Ultrasonic inspection provides a sensitive method of nondestructive testing in most materials, metallic, nonmetallic, magnetic or nonmagnetic. It permits the detection of small flaws with only single surface accessibility and is capable of estimating location & size of the defect Providing both surfaces are parallel, ultrasonics may be used for thickness measurement, where only one surface is accessible. The effective result of an ultrasonic test is heavily dependent on subject surface condition, grain size & direction and acoustic impedance. Ultrasonic techniques are very widely used for the detection of internal defects in materials. 

Ultrasonic inspection operates on the principle of 'transmitted' & 'reflected' sound wave. Sound has a constant velocity in a given substance; therefore, a change in the acoustical impedance of the material causes a change in the sound velocity at that point producing an echo. The distance of the acoustical impedance (flaw) can be determined if the velocity of the sound in the test material, and the time taken for the sound to reach & return from the flaw is known. 

Ultrasonic inspection is usually performed with two techniques (i) Reflection (Pulse echo) technique (ii) Through transmission technique. 'Pulse echo' technique is most widely used in aircraft maintenance inspection. 

2.6 Radiography Technique
Radiography is one of the oldest and widely used nondestructive testing methods. A radiograph is a photographic record produced by the passage of electromagnetic radiation such as x-rays or gamma rays through an object onto a film. When film is exposed to x-rays, gamma rays or light an invisible change called a 'latent image' is produced in film emulsion. The areas so exposed become darker when the film is immersed in a developing solution. After development the film is rinsed to stop development. The film is next put into a fixing bath and then washed to remove the fixer. Finally dried so that it may handled for interpretation and record. 
CHAPTER 3

Ultrasonic testing
3.1 Basic Acoustical Principles 
Mechanical vibrations can propagate in solids, liquids and gasses. The actual particles of matter vibrate, and if the mechanical movements of the particles have regular motion, the vibrations can be assigned a frequency in cycles per second, measured in Hertz (Hz) where 1 Hz = 1 cycle per second. If this frequency is within the approximate range 10 to 20 000 Hz, the sound is audible. Sound generated above the human hearing range (above 20 kHz) is called ultrasound. However, the frequency range normally employed in ultrasonic nondestructive testing and thickness gaging is 100 KHz to 50MHz. Although ultrasound behaves in a similar manner to audible sound, it has a much shorter wavelength. This means it can be reflected off very small surfaces such as defects inside materials. It is this property that makes ultrasound useful for nondestructive testing of materials. The Acoustic Spectrum in Fig. below breaks down sound into 3 ranges of frequencies. The Ultrasonic Range is then broken down further into 3 sub sections. 

[image: image50.png]brob
IR

Y
EERATEN

|
L]

H





Figure 3.1 The Acoustic Spectrum

3.1.1 Frequency, Period and Wavelength 
Ultrasonic vibrations travel in the form of a wave, similar to the way the light travels. However, unlike light waves, which can travel in an empty space, ultrasound requires an elastic medium such as a liquid or a solid. The basic parameters of a continuous wave  which include the wavelength (λ) and the period (T) of a complete cycle are shown at fig. below 
[image: image2.emf]
Figure 3.2 Basic Parameters

As it is told above, the number of cycles completed in one second is called frequency and is measured in hertz. The time required to complete a full cycle is the period (T), measured in seconds. The relation between frequency and period in a continuous wave is given as; 

F = 
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 ------ (Eq. 1)

The velocity of ultrasound (c) in a perfectly elastic material at a given temperature and pressure is constant. The relation between c, f, λ and T is given by 
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λ = c. T ------- (Eq.3)
3.2 Wave Propagation 
Ultrasonic testing is based on time-varying deformations or vibrations in materials, which is generally referred to as acoustics. All material substances are comprised of atoms, which may be forced into vibrational motion about their equilibrium positions. Many different patterns of vibrational motion exist at the atomic level, however, most are irrelevant to acoustics and ultrasonic testing. Acoustics is focused on particles that contain many atoms that move in harmony to produce a mechanical wave. Provided a material is not stressed in tension or compression beyond its elastic limit, its individual particles perform elastic oscillations. When the particles of a medium are displaced from their equilibrium positions, internal (electrostatic) forces arise. It is these elastic restoring forces between particles, combined with inertia of the particles that leads to oscillatory motions of the medium. 

In solids, sound waves can propagate in four principle modes that are based on the way the particles oscillate. Sound can propagate as longitudinal waves, shear waves, surface waves, and in thin materials as plate waves. Longitudinal and shear waves are the two modes of propagation most widely used in ultrasonic testing. The particle movement responsible for the propagation of longitudinal and shear waves is illustrated below. 
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Figure 3.3  Particle Movement of longitudinal and shear waves

In longitudinal waves, the oscillations occur in the longitudinal direction or the direction of wave propagation. Since compressional and dilatational forces are active in these waves, they are also called pressure or compressional waves. They are also sometimes called density waves because their particle density fluctuates as they move. Compression waves can be generated in liquids, as well as solids because the energy travels through the atomic structure by a series of comparison and expansion (rarefaction) movements. 

In the transverse or shear wave, the particles oscillate at a right angle or transverse to the direction of propagation. Shear waves require an acoustically solid material for effective propagation and, therefore, are not effectively propagated in materials such as liquids or gasses. Shear waves are relatively weak when compared to longitudinal waves In fact, shear waves are usually generated in materials using some of the energy from longitudinal waves.
3.2.1 Types of Sound Wave Propagation 
In air, sound travels by compression and rarefaction of air molecules in the direction of travel. However, in solids, molecules can support vibrations in other directions, hence, a number of different types (modes) of sound waves are possible. As mentioned previously, longitudinal and transverse (shear) waves are the most often used in ultrasonic inspection. However, at surfaces and interfaces, various types of elliptical or complex vibrations of the particles make other waves possible. Some of these wave modes such as Rayleigh and Lamb waves are also useful for ultrasonic inspection. Some wave types and their particle vibration is given at Table  
Table 3.1 Some of the wave types possible in solids

	Wave Types in Solids
	Particle Vibrations

	Longitudinal 
	Parallel to wave direction 

	Transverse (Shear) 
	Perpendicular to wave direction 

	Plate Wave - Lamb 
	Component perpendicular to surface 

(extensional wave) 

	Plate Wave - Love 
	Parallel to plane layer, perpendicular to wave direction 


Lamb waves, also known as plate waves, can be propagated only in very thin metals. Lamb waves are a complex vibrational wave that travels through the entire thickness of a material. Lamb waves provide a means for inspection of very thin materials. Propagation of Lamb waves depends on density, elastic, and material properties of a component, and they are influenced by a great deal by selected frequency and material thickness.
3.3 Elastic Properties of Solids 
Within a freely vibrating medium, both inertial and elastic restoring forces act upon each particle. The interplay of these forces produce oscillatory motions in a manner analogous to the free vibration of a macroscopic system of masses and springs. Thus, the elastic restoring forces in a medium may be described as microscopic "spring" forces. 

3.4 Attenuation of Sound Waves 
An acoustic wave traveling through materials will lose energy for a variety of reasons. This behavior can account for a loss in amplitude as well as change in its appearance. There are three basic processes that account for loss of pulse energy, namely, beam spreading, absorption and scattering. 

Beam spreading is primarily a geometric function where the intensity is decreasing with the square of the distance traveled. This may be observed by nothing that the initial pulse energy is being distributed over a larger spherical area as the wave front advances. 

Absorption accounts for mechanical energy converted to heat energy as the wave front passes. Essentially, this energy is permanently lost and this type of attenuation is not of much use in materials inspection. 

Scattering results from reflections at grain boundaries, small cracks, surface roughness and other material non-homogeneities. Material contains boundaries on which the acoustic impedance changes abruptly because two materials of different density or sound velocity meet at these interfaces. This phenomenon may account for serious energy losses which can render an item uninspectable. On the other hand, it may be useful in material studies where, for example, there is a need to measure grain size in metals or surface roughness by using ultrasound.

The frequency range used in testing materials, the grain size is usually smaller than the wave length. Under these conditions scatter occurs instead of geometric division, as when the light of a headlamp is scattered by the small water droplets in fog. In the cage of grain sizes of 1/1000th to 1/100th of the wave length, scatter is for all practical purposes negligible. It increases very rapidly, however, approximately as the third power of the grain size, to make itself felt at sizes from l/10th to the full value of the wave length, to such an extent that testing may become impossible if the material concerned is anisotropic. 

The second cause of the attenuation, viz. absorption, is a direct conversion of sound energy into heat, for which several processes can be responsible. Absorption can roughly be visualized as a sort of braking effect of the oscillations of the particles, which also makes it clear why a rapid oscillation loses more energy than a slow oscillation; the absorption usually increases as the frequency, i.e. at a rate much slower than the scattering. 

Both losses set limitations to the testing of materials, but in slightly different ways. Pure absorption weakens the transmitted energy or the echo from both the flaw and the backwall. To counteract this effect the transmitter voltage and the amplification can be increased or the lower absorption at lower frequencies can be exploited for this purpose. Much more awkward, however, is the scattering because in the echo method, it not only reduces the height of the echo from both the flaw and the backwall but in addition produces numerous echoes with different transit times, the so-called grass in which the true echoes may get lost. The scattering can be compared with the effect of fog in which the driver of an automobile is blinded by his own headlights and is unable to see clearly. Apparently this disturbance cannot be counteracted by stepping up the transmitter voltage or the amplification because the "grass" increases simultaneously. The only remedy is to use lower frequencies, which due to the reduced beaming effect of the sound and the increasing length of the pulses sets a natural and insuperable limit to the delectability of small flaws.
Attenuation is generally expressed in the form 

A = A0 × eαL  ------    (Eq. 4) 

From equation (4),

α L = 20 log ( A0 /A1 )   ------
(Eq. 5) 
3.5 Equipment and Transducers 
3.5.1 Piezoelectric Transducers 
An important feature of any ultrasonic instrumentation system is the transducer. The active element of most acoustic transducers is piezoelectric element, which converts electrical signals into mechanical vibrations (transmit mode) and mechanical vibrations into electrical signals (receive mode), and vice versa. So this means, this piezoelectric element is the heart of the transducer.

It is of importance to understand the concept of bandwidth, or range of frequencies, associated with a transducer. The frequency noted on a transducer is the central or center frequency and depends primarily on the backing material. Highly damped transducers will respond to frequencies above and below the central frequency. The broad frequency range provides a transducer with high resolving power. Less damped transducers will exhibit a narrower frequency range, poorer resolving power, but greater penetration. The central frequency will also define capabilities of transducers. Lower frequencies (0.5Mhz-2.25Mhz) provide greater energy and penetration in material, while high frequency crystals (15.0 MHz - 25.0 MHz) provides reduced penetration but greater sensitivity to small discontinuities.

3.5.2 Characteristics of Piezoelectric Transducers 
The ultrasonic field from such a transducer is often the feature that limits system performance. Many factors, including material, mechanical and electrical construction, and the external mechanical and electrical load conditions, influence the behavior of a transducer. Mechanical construction is the factor that influences performance, with important parameters such as radiation surface area, mechanical damping, housing, and other variables of physical construction. So, transducer manufactures are hard pressed when constructing two transducers that have identical performance characteristics. Transducer manufacture still has something of a "black art" component. 

Transducers are constructed to withstand some abuse, but they should be handled carefully. Misuse such as dropping can cause cracking of the ware plate, element, or the backing material. Damage to a transducer is often noted on the a-scan presentation as an enlargement of the initial pulse. Almost all transducers will have a serial number, element dimensions, and frequency marked on them. Serial numbers are important when tractability of an inspection is required. 

Transducers are classified into groups according to the application. 

• Contact transducers are used for direct contact inspections, and are manipulated by a technician. Coupling materials of water, grease, oils, or commercial materials are used to smooth rough surfaces and prevent an air gap between the transducer and the component inspected. 

• Immersion transducers do not contact the component. These transducers are designed to operate in a liquid environment and all connections are watertight. Fixtures or robotics are often employed when using immersion transducers. Some of these transducers may be operated by the technician. Wheel transducers are examples of such immersion applications. 
3.6 Pulser & Receivers 
Ultrasonic pulser-receivers are well suited to general purpose ultrasonic testing. Along with appropriate transducers and an oscilloscope they can be used for flaw detection and thickness gauging in a wide variety of metals, plastics, ceramics, and composites. Ultrasonic pulser-receivers provide a unique, low-cost ultrasonic measurement capability.
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Figure 3.4 Pulser & Receiver in system

The pulser section of the instrument generates short, large amplitude electric pulses of controlled energy which, when applied to an ultrasonic transducer, are converted into short ultrasonic pulses. Most pulser sections have very low impedance outputs to better drive transducers. Control function associated with the pulser circuit include

· Pulse length or damping (The amount of time that the pulse is applied to the transducer.) 

·  Pulse energy (The voltage applied to the transducer. Typical pulser   circuits will apply from 100 volts to 800 volts to a transducer.) 

In the receiver section the voltage signals produced by the transducer, which represents the received ultrasonic pulses, are amplified. The amplified radio frequency (RF) signal is available as output for display or capture for signal processing. Control functions associated with the receiver circuit include 

• Signal rectification (The RF signal can be viewed as positive half wave, negative half wave or full wave.) 

• Filtering to shape and smooth return signals 

• Gain, or signal amplification 

• Reject control 

The pulser-receiver can be used in material characterization work measuring sound velocity or attenuation, which in turn can be correlated to such material properties as elastic modulus or grain orientation. In conjunction with a stepless gate and a spectrum analyzer, the pulser-receiver can also be used to study frequency dependent material properties or to characterize the performance of ultrasonic transducers.

3.6.1 Pulse echo system

An electrical pulse is applied to the transmitter probe, which produces a short ultrasonic pulse which is propagated into the specimen through a couplant layer fig. below The same pulse triggers a time base generator, so that the pulse of ultrasound starts to move through the specimen at the same time as a spot starts to move across the cathode ray tube, CRT, display screen.
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Figure 3.5 Principles of operation of conventional ultrasonic equipment

Variations in voltage at the transducer due to the ultrasound wave are passed to the amplifier and applied to the Y-axis of the CRT to produce a transmission signal (A), which represents the shape of the generated ultrasonic pulse. The spot continues to move across the screen of the CRT as the sound pulse travels through the specimen until the ultrasonic pulse reaches a reflecting or scattering surface (b). The reflected portion of the ultrasound returns to the transducer, which vibrates, causing a small alternating voltage which is fed to the amplifier, where after amplification it is fed to the Y-plates of the CRT and produces signal (B), the echo pulse from the flaw. Further ultrasonic energy in the transmitted pulse may continue to the bottom surface of the specimen plate and be reflected back to the transducer, producing indication (C) on the CRT display, the bottom surface echo. 

For probes in which the piezoelectric element is not in contact with the specimen surface, such as the twin crystal probe or immersion probes, it is convenient to display the ultrasonic pulses starting at the specimen surface rather than at the crystal, and a delay control on the timebase generator is used for this, starting the timebase alter a preset delay. This same delay control al1ows the operator to look at part of a thick specimen on an expanded scale on the display. 

Since the ultrasonic signals may be weak or strong, the amplifier needs to have a calibrated gain control. For testing metals, ultrasonic probe frequencies from about 1 to 10 MHz are used, and much equipment is designed to use a slightly wider range of frequencies, from 250 kHz to 20 MHz. The gain control should be calibrated in decibels so that any signal can be increased or decreased in display amplitude by a known amount.
3.7 Data Presentation of Ultrasonic Testing 
Ultrasonic data can be collected and displayed in a number of different formats. The three most common formats are known in the NDT world as A-scan, B-scan and C-scan presentations. Each presentation mode provides a different way of looking at and evaluating the region of material being inspected. Modern computerized ultrasonic scanning systems can display data in all three presentation forms simultaneously. 
3.7.1 A-Scan Presentation 
The A-scan presentation displays the amount of received ultrasonic energy as a function of time. The relative amount of received energy is plotted along the vertical axis and elapsed time (which may be related to the sound energy travel time within the material) is display along the horizontal axis. Most instruments with an A-scan display allow the signal to be displayed in its natural radio frequency form (rf), as a fully rectified rf signal, or as either the positive or negative half of the rf signal. In the A-scan presentation, relative discontinuity size can be estimated by comparing the signal amplitude obtained from an unknown reflector to that from a known reflector. Reflector depth can be determined by the position of the signal on the horizontal sweep. 
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Figure 3.6 A typical A-Scan Presentation
In the illustration of the A-scan presentation, the initial pulse generated by the transducer is represented by the signal IP, which is near time zero. As the transducer is scanned along the surface of the part, four other signals are likely to appear at different times on the screen. When the transducer is in its far left position, only the IP signal and signal A, the sound energy reflecting from surface A, will be seen on the trace. As the transducer is scanned to the right, a signal from the backwall BW will appear latter in time showing that the sound has traveled farther to reach this surface. When the transducer is over flaw B, signal B, will appear at a point on the time scale that is approximately halfway between the IP signal and the BW signal. Since the IP signal corresponds to the front surface of the material, this indicates that flaw B is about halfway between the front and back surfaces of the sample. When the transducer is moved over flaw C, signal C will appear earlier in time since the sound travel path is shorter and signal B will disappear since sound will no longer be reflecting from it. 
3.6.2 B-Scan Presentation 
The B-scan presentation is a profile (cross-sectional) view of the test specimen. In the B-scan, the time-of-flight (travel time) of the sound energy is displayed along the vertical and the linear position of the transducer is displayed along the horizontal axis. From the B-scan, the depth of the reflector and its approximate linear dimensions in the scan direction can be determined. The B-scan is typically produced by establishing a trigger gate on the A-scan. Whenever the signal intensity is great enough to trigger the gate, a point is produced on the B-scan. The gate is triggered by the sound reflecting from the backwall of the specimen and by smaller reflectors within the material. 
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Figure 3.7 A Typical B-Scan Presentation

In the B-scan image, line A is produced as the transducer scans over the reduced thickness portion of the specimen. When the transducer moves to the right of this section, the backwall line BW is produced. When the transducer is over the flaw B and C, lines that are similar to the length of the flaws and at similar depths within the material are drawn on the B-scan. It should be noted that a limitation to this display technique is that reflectors may be masked by larger reflectors near the surface. 

3.6.3 C-Scan Presentation 
The C-scan presentation provides a plan-type view of the location and size of test specimen features. The plane of the image is parallel to the scan pattern of the transducer. C-scan presentations are produced with an automated data acquisition system, such as a computer controlled immersion scanning system. 
Typically, a data collection gate is established on the A-scan and the amplitude or the time-of-flight of the signal is recorded at regular intervals as the transducer is scanned over the test piece. The relative signal amplitude or the time-of-flight is displayed as a shade of gray or a color for each of the positions where data was recorded. The C-scan presentation provides an image of the features that reflect and scatter the sound within and on the surfaces of the test piece. High resolution scan can be produced by C-Scan.
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Figure 3.8 A typical C-Scan Presentation
3.8 Calibration of the Instrument 
Calibration refers to the act of evaluating and adjusting the precision and accuracy of measurement equipment. In ultrasonic testing, several forms of calibration must occur. First, the electronics of the equipment must be calibrated to assure that they are performing as designed. This operation is usually performed by the equipment manufacturer and it is also usually necessary for the operator to perform a "user calibration" of the equipment. This user calibration is necessary because most ultrasonic equipment can be reconfigured for use in a large variety of applications. The user must "calibrate" the system, which includes the equipment settings, the transducer, and the test setup, to validate that the desired level of precision and accuracy are achieved. 

In ultrasonic testing, there is also a need for reference standards. Reference standards are used to establish a general level of consistency in measurements and to help interpret and quantify the information contained in the received signal. Reference standards are used to validate that the equipment and the setup provide similar results from one day to the next and that similar results are produced by different systems. Reference standards also help the inspector to estimate the size of flaws. In a pulse-echo type setup, signal strength depends on both the size of the flaw and the distance between the flaw and the transducer. 
The inspector can use a reference standard with an artificially induced flaw of known size and at approximately the same distance away for the transducer to produce a signal. By comparing the signal from the reference standard to that received from the actual flaw, the inspector can estimate the flaw size.

Here for the Epoch 4Plus ultrasonic flaw detector we use calibration block to calibrate it.
3.9 Ultrasonic Testing Principles




Ultrasonic nondestructive testing is a versatile technique that can be applied to a wide variety of material analysis applications. While ultrasonic NDT is perhaps better known in its more common applications for thickness gauging, flaw detection, and acoustic imaging, high frequency sound waves can also be used to discriminate and quantify some basic mechanical, structural, or compositional properties of solids and liquids. Ultrasonic material analysis is based on a simple principle of physics: the motion of any wave will be affected by the medium through which it travels. Thus, changes in one or more of four easily measurable parameters associated with the passage of a high frequency sound wave through a material transit time, attenuation, scattering, and frequency content can often be correlated with changes in physical properties such as hardness, roughness, elastic modulus, density, homogeneity, or grain structure.

As it is mentioned before, ultrasonic NDT utilizes the range of frequencies from approximately 20 KHz to over 100 MHz, with most work being performed between 500 KHz and 20 MHz. Both longitudinal and shear (transverse) modes of vibration are commonly employed, as well as surface (Rayleigh) waves and plate (Lamb) waves in some specialized cases. Because shorter wavelengths are more responsive to changes in the medium through which they pass, many material analysis applications will benefit from using the highest frequency that the test piece will support. Sound pulses are normally generated and received by piezoelectric transducers that have been acoustically coupled to the test material. In most cases a single transducer coupled to one side of the test piece serves as both transmitter and receiver (pulse/echo mode), although in some situations involving highly attenuating or scattering materials separate transmitting and receiving transducers on opposite sides of the part are used (through transmission mode). A sound wave is launched by exciting the transducer with either a voltage spike or a continuous wave impulse. The sound wave travels through the test material, either reflecting off the far side to return to its point of origin (pulse/echo), or being received by another transducer at that point (through transmission). The received signal is then amplified and analyzed. A variety of commercial instrumentation is available for this purpose, utilizing both analog and digital signal processing. A significant advantage of ultrasonic testing over other material analysis methods is that it can often be performed in-process or on-line. High frequency sound waves can often be successfully transmitted into and out of moving materials without direct contact, through the use of a water bath or water stream as a coupling medium. Measurements can also be performed within closed containers by coupling sound energy through the wall. Because sound waves penetrate through the test specimen, material properties are measured in bulk rather than just on the surface. It is sometimes even possible, through the use of selective gating, to analyze just one layer of a multilayer, multi-material fabrication. 

The relevant measurement parameters will typically be one or more of the following are 
1. Sound velocity/pulse transit time

 
Sound velocity is usually the easiest ultrasonic parameter to measure. The speed of sound in a homogenous medium is directly related to both elastic modulus and density; thus changes in either elasticity or density will affect pulse transit time through a sample of a given thickness. Additionally, varying degrees of non-homogeneity may have an effect on sound velocity. 

2. Attenuation

 
Sound energy is absorbed or attenuated at different rates  in different materials, governed in a complex fashion by interactive effects of density, hardness, contact surface roughness, viscosity and molecular structure. Attenuation normally increases with frequency in a given material. 

3. Scattering

 Sound waves reflect from boundaries between dissimilar materials. Changes in grain structure, fiber orientation, porosity, particle concentration, and other micro structural variations can affect the amplitude, direction, and frequency content of scattered signals. Scatter effects can also be monitored indirectly by looking at changes in the amplitude of a backwall echo or a through-transmission signal. 

In some applications ultrasonic data such as velocity can be directly used to calculate properties such as elastic modulus. In other cases, ultrasonic testing is a comparative technique, where in order to establish a test protocol in a given application it will be necessary to experimentally evaluate reference standards representing the range of material conditions being quantified. From such standards it will be possible to record how sound transmission parameters vary with changes in specific material properties, and then from this baseline information it will be possible to identify or predict similar changes in test samples. 

3.9 Applications 
The following is a summary of some specific material analysis applications where ultrasonic techniques have been used and documented. 

- Elastic modulus: Young's modulus and shear modulus in homogenous, non-dispersive materials can be calculated from longitudinal wave and shear wave velocity (along with material density). Use of waveguides often permits measurement at high temperatures. 

- Nodularity in cast iron: Both the concentration of graphite in cast iron and its shape and form can be quantified through velocity measurements. 

- Cure rate in epoxies and concrete: The speed of sound in these materials changes as they harden; thus sound velocity measurements can be correlated to the degree of curing. Concrete testing usually requires access to both sides for through-transmission coupling. 

- Liquid concentrations: The mixture ratio of two liquids with dissimilar sound velocities can be correlated to the sound velocity of the solution at a given temperature. 

- Density of slurries: The liquid/solid mix ratio of slurries such as drilling mud and paper slurry at a given temperature can be correlated to sound velocity and/or attenuation. 

- Density in ceramics: Uniformity of density in both green and fired ceramics can be verified by means of sound velocity measurements. 

- Food products: A wide variety of tests have been reported, including age of eggs and potatoes, ripeness of fruits, fat content in beef, and percent of solids in milk. Generally these tests are both nondestructive and non-contaminating. 

- Polymerization in plastics: In plastics and other polymers, variations in molecular structure such as length or orientation of polymer chains will often result in corresponding changes in sound velocity and/or attenuation. 

- Particle or porosity size and distribution: Changes in the size or distribution of particles or porosity in a solid or liquid medium will affect the amplitude and frequency of scattered ultrasound. 

- Grain size in metals: Changes in grain size or orientation in steel, cast iron, titanium, and other metals will cause changes in the amplitude, direction, and/or frequency content of scattered ultrasound. 

- Anisotropy in solids: Variations in sound velocity, scattering, and/or attenuation across different axes of a solid can be used to identify and quantify anisotropy. 

- Case hardening depth in steel: High frequency shear wave backscatter techniques can be used to measure the depth of case hardening. 

- Temperature measurement: Ultrasonic thermometry has been used to measure very high temperatures (over 3,000 degrees Celsius) by monitoring changes in sound velocity in a reference medium. 

CHAPTER 4
Definition of Surface Roughness
4.1 Definition

It is clear that materials have natural properties such as density, conductivity and elastic modulus. Surfaces, representing material boundaries have perhaps rather more insubstantial properties but we still think of some of these properties are natural, like color. There are other properties, however, which are easy to define but whose value seems to depend on the technique or scale of measurement: hardness, for instance. Roughness seems to be such a property, with the added difficulty that is not always so easy to define as a concept. 

Roughness is the nature of surfaces. Roughness is a measure of the texture of a surface. It is quantified by the deviations of a real surface from its ideal form. If these deviations are large, the surface is rough; if they are small the surface is smooth. Roughness is typically considered to be the high frequency, short wavelength component of a measured surface.

Roughness plays an important role in determining how a real object will interact with its environment. Rough surfaces usually wear more quickly and have higher friction coefficients than smooth surfaces. Roughness is often a good predictor of the performance of a mechanical component, since irregularities in the surface may form nucleation sites for cracks or corrosion. 

Although roughness is usually undesirable, it is difficult and expensive to control in manufacturing. Decreasing the roughness of a surface will usually increase exponentially its manufacturing costs. This often results in a trade-off between the manufacturing cost of a component and its performance in application.

The fact is that roughness is the natural state of surfaces, and left to its own devices, nature will make sure they are rough. The roughness of a surface is a measure of its lack of order.

Ultrasonic nondestructive testing is a versatile technique that can be applied to a wide variety of material analysis applications. Surface topography is of great importance in specifying the function of a surface. In some applications you can make use of it (i.e. braking principle etc.) but whereas it may be a major problem standing against us in another application like in ultrasonic testing.

The reason is the condition of a test surface through which sound beam enters the material affects the amplitude, path and characteristics of the beam. The detectability of discontinuities such as cracks, voids, etc. is greatly affected by the extent of roughness. Increase in roughness reduces the transmitted energy of the sound beam and reduces the amplitude of the received signal. 
4.2 Terminology on Surfaces and Profiles 
4.2.1 Types of Surfaces 
Surface

 
A surface is a boundary that separates an object from another object or substance. 

Nominal Surface

 A nominal surface is the intended surface. The shape and extent of a nominal surface are usually shown and dimensioned on a drawing. The nominal surface does not include intended surface roughness. 

Real Surface

 A real surface is the actual boundary of an object. It deviates from the nominal surface as a result of the process that created the surface. The deviation also depends on the properties, composition, and structure of the material the object is made of. 

Measured Surface

 A measured surface is a representation of the real surface obtained with some measuring instrument. This distinction is made because no measurement will give the exact real surface. Later portions describe many different types of measuring instruments. 
Form
 Form refers to the intentional shape of a surface which differs from a flat line. 

4.2.2
Surface Finish Imperfections 
Form Error

 Form error encompasses the long wavelength deviations of a surface from the corresponding nominal surface. Form errors result from large scale problems in the manufacturing process such as errors in machine tool ways, guides, or spindles, insecure clamping, inaccurate alignment of a work piece, or uneven wear in machining equipment. Form error is on the dividing line in size scale between geometric errors and finish errors. 

Texture

 Surface texture is the combination of fairly short wavelength deviations of a surface from the nominal surface. Texture includes roughness, waviness, and lay, that is, all of the deviations that are shorter in wavelength than form error deviations.

[image: image13.emf]
Figure 4.1 An Exaggerated Surface Shape

Roughness

 Roughness includes the finest (shortest wavelength) irregularities of a surface. Roughness generally results from a particular production process or material condition. 

Waviness

Waviness includes the more widely spaced (longer wavelength) deviations of a surface from its nominal shape. Waviness errors are intermediate in wavelength between roughness and form error. The distinction between waviness and form error is not always made in practice, and it is not always clear how to make it. New standards are emerging that define this distinction more rigorously.  

Lay

 Lay refers to the predominant direction of the surface texture. Ordinarily lay is determined by the particular production method and geometry used. Turning, milling, drilling, grinding, and other cutting tool machining processes usually produce a surface that has lay: striations or peaks and valleys in the direction that the tool was drawn across the surface. The shape of the lay can take one of several forms as shown below. Other processes produce surfaces with no characteristic direction: sand casting, spark erosion and grit blasting. Sometimes these surfaces are said to have a non-directional, particulate, or protuberant lay. Several different types of lay are possible depending on the manufacturing and machining processes.
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Figure 4.2 Different Types of Lays

Lay (or the lack thereof) is important for optical properties of a surface. A smooth finish will look rough if it has a strong lay. A rougher surface will look more uniform if it has no lay (it will have more of a matte look).

4.3 Surface Profiles 
4.3.1 Types of Profiles 
Profile

 A profile is, mathematically, the line of intersection of a surface with a sectioning plane which is (ordinarily) perpendicular to the surface. It is a two-dimensional slice of the three-dimensional surface. Almost always profiles are measured across the surface in a direction perpendicular to the lay of the surface.
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Figure 4.3 Profile of a Surface

Nominal Profile

 The nominal profile is the straight or smoothly curved line of intersection of the nominal surface with a plane which is (ordinarily) perpendicular to the surface. The nominal profile has a known mathematical shape for a known part (most often a straight line or a circle). 

Real Profile

 A real profile is a profile of the real surface. It is the (idealized) shape of the intersection of a surface with a perpendicular sectioning plane. 

Measured Profile

 A measured profile is a representation of the real profile obtained with some measuring instrument. This distinction between "real" and "measured" is made because no measurement will give the exact real surface. At the later portions, many different types of measuring instruments, emphasizing profiling instruments are described. 

Modified Profile

 A modified profile is a measured profile that has been modified by mechanical, electrical, optical, or digital filtering. The filtering is ordinarily done to minimize certain surface characteristics while emphasizing others. A modified profile differs from a measured profile in the sense that the real profile is intentionally modified as part of the measurement. The details of the modification are typically selectable by the user of an instrument. A measured profile is an unintentional modification of the real profile resulting from the limitations of the measuring instrument.

Profiling Methods

 A profiling method is a means of measuring a profile of a surface. The result of the method is a two-dimensional graph of the shape of the surface in the sectioning plane created by the profiling instrument. 

The most common type of profiling instrument draws a diamond stylus across the surface and measures its vertical displacement as a function of position. 

Wavelength

 Wavelength is the distance between similar points of a repeating, periodic signal. A real profile can be thought of as the sum of many different individual functions, each with its own wavelength. 

Filter

 A filter (for purposes of surface finish measurement) is an electronic, mechanical, optical, or mathematical transformation of a profile to attenuate (remove) wavelength components of the surface outside the range of interest for a measurement. 

Waviness Profile

 The waviness profile includes medium wavelength deviations of the measured profile from the nominal profile. The waviness is the modified profile obtained by filtering a measured profile to attenuate the longest and shortest wavelength components of the measured profile (i.e. the filter removes form error and roughness).
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Figure 4.4 Waviness and Roughness

Texture Profile

 The texture profile is the sum of the waviness profile and the roughness profile, i.e. the remaining medium and short wavelength deviations of the measured profile from the nominal profile after form error has been subtracted from the primary profile. Measurement of texture is the primary domain of traditional surface finish analysis. 

Roughness Profile

 The roughness profile includes only the shortest wavelength deviations of the measured profile from the nominal profile. The roughness profile is the modified profile obtained by filtering a measured profile to attenuate the longer wavelengths associated with waviness and form error. Optionally, the roughness may also exclude (by filtering) the very shortest wavelengths of the measured profile which are considered noise or features smaller than those of interest. 

Roughness is of significant interest in manufacturing because it is the roughness of a surface (given reasonable waviness and form error) that determines its friction in contact with another surface. The roughness of a surface defines how that surfaces feels, how it looks, how it behaves in a contact with another surface, and how it behaves for coating or sealing. For moving parts the roughness determines how the surface will wear, how well it will retain lubricant, and how well it will hold a load. 

4.3.2 Surface Profile - Roughness Amplitude Parameters 
4.3.2.1 Average Roughness - Ra
It is also known as Arithmetic Average (AA), Center Line Average (CLA) and Arithmetical Mean Deviation of the Profile. The average roughness is the area between the roughness profile and its mean line, or the integral of the absolute value of the roughness profile height over the evaluation length:
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When evaluated from digital data, the integral is normally approximated by;
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Graphically, the average roughness is the area (shown below) between the roughness profile and its center line divided by the evaluation length (normally five sample lengths with each sample length equal to one cutoff)
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Figure 4.5 Average Roughness, Ra

The average roughness is by far the most commonly used parameter in surface finish measurement. The earliest analog roughness measuring instruments measured only Ra by drawing a stylus continuously back and forth over a surface and integrating (finding the average) electronically. It is fairly easy to take the absolute value of a signal and to integrate a signal using only analog electronics. That is the main reason Ra has such a long history.

If it is wanted to distinguish between surfaces that differ in shape or spacing, calculating other parameters are needed for a surface that measure peaks and valleys and profile shape and spacing. The more complicated the shape of the surface wanted and the more critical the function of the surface, the more sophisticated is needed to be in measuring parameters beyond Ra.

4.3.2.2 Root-Mean-Square Roughness - Rq 
The root-mean-square (rms) average roughness of a surface is calculated from another integral of the roughness profile:
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The digital equivalent normally used is:
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For a pure sine wave of any wavelength and amplitude Rq is proportional to Ra; it's about 1.11 times larger. Older instruments made use of this approximation by calculating Rq with analog electronics (which is easier than calculating with analog electronics) and then multiplying by 1.11 to report Rq. However, real profiles are not simple sine waves, and the approximation often fails miserably. Modern instruments either digitize the profile or do not report Rq. There is never any reason to make the approximation that is proportional to Ra. Rq has now been almost completely superseded by Ra in metal machining specifications. But Rq still has value in optical applications where it is more directly related to the optical quality of a surface.

4.3.2.3 Rz(ISO) - Ten Point Average Roughness 
Rz(ISO) is a parameter that averages the height of the five highest peaks plus the depth of the five deepest valleys over the evaluation length.
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Figure 4.6 Rz (ISO) explanation diagram
4.4 Principles of Roughness Measurement 
Measurement means something more than mere inspection. Measurement can be defined as a process which gives, or is capable of giving, quantitative information about individual or average surface heights. But many forms of optical examination is excluded. These may give information about the existence and direction of the lay on machined surfaces, or about the presence and spacing of feed and chatter marks or other individual defects, but this does not fall within our definition.

There are some general considerations in choosing any measuring instrument: cost, ease of operation, size and robustness. In addition, for roughness measuring instruments, it is necessary to decide whether or not the instrument should make physical contact with the surface, and whether it needs to be able to measure an area of a surface or only a section or profile through it. Most important of all are the horizontal and vertical range and resolution. 

Some of these criteria are self-explanatory, but the issue of comparative versus absolute measurement is worth a few moments digression. Many roughness measuring instruments, for instance stylus instruments, give absolute measurements of local heights. Thus they can be calibrated against secondary length standards such as slip gauges and so in principle at least are traceable to primary standards. Other instruments, for instance glossmeters, give average values of some surface parameter, which may depend on material properties and may vary from one finishing process to the next. Such instruments must be calibrated against an absolute instrument used under the same conditions. Under these conditions they may still be traceable, but in a much more tightly restricted way. This is likely to be of some practical importance in a manufacturing environment where the roughness instrument is part of a quality system under ISO 9000. 

Sectional measurement is usually quicker, simpler and easier to interpret than a real measurement, and all current roughness standards, are written in terms of sectional measurements. For many practical purposes sectional measurements are adequate, and sectional techniques should be preferred unless there is some good reason to the contrary. However, most engineering interactions of surfaces, including all contact phenomena, are a real in nature, and the information necessary to describe their function must similarly be a real. Often this information can be inferred mathematically from sectional information.
CHAPTER 5
Variables affecting ultrasonic testing
5.1 Introduction 
Ultrasonic tests can provide information about several aspects of a material such as: thickness, attenuation, shape, presence of defects, size and their orientation. These rely on two main measurements: amplitude of signal and time of the signal arrival. To a lesser extent the frequency content of the signal can also provide useful information but its application is not so common. 

While testing, some certain assumptions about the test conditions are made and presume that changes in time or amplitude are caused by variation in the parameter of interest. The assumptions made are based on all parameters being constant except the one we are interested in measuring changes in. The parameters which are assumed fixed can affect our test results by changing sound propagation velocity in the material. Variables affecting the test results will be divided into 4 groups:

1. Instrument Performance 

2. Transducer Performance 

3. Material Variations 

4. Defect Variations 

Another factor relating to the results of an inspection is the Human Factor; this is a widely debated subject and it will be not mentioned here because it is related with the subject of Probability of Detection.   

5.2 Instrument Performance
5.2.1 Defect Scope 
 The primary variable in the scope is the linearity of the time base. Verification methods will usually require a tolerance in accuracy to a percentage of the total screen range (typically +/- 2%). This ensures no distance measured will be in error by more than 2%, e.g. for a 250mm range it may be possible to have an error of +/-5mm maximum in steel. 

5.2.2 Pulser-Receiver 

Amplitude uncertainties will result from variations in the linearity of the vertical deflection of the scope or due to inaccuracies in the amplitude control. Scope vertical linearity ensures that the relationship between two signals of different amplitudes is maintained over the entire range of the screen height. This is done by comparing the relative height of two echoes at different screen heights.
The other aspect of vertical linearity variability is the amplitude gain control. This applies to the calibrated gain control usually found in dB increments on a flaw detector. Since the dB is derived from dB = 20 log A2/A1 changing the dB gain by a fixed amount should change the ratio of the signals. If the receiver gain is not linear the smallest recordable indication may be greater or less than the intended level. This will be another source of incorrectly sizing a defect with respect to a reference.

5.3 Transducer Performance 
As with the pulser/receiver, transducer performance have to be checked and monitored for change. To ensure any change is within tolerances allowed initially, they must all be monitored on a regular basis to ensure no significant changes occur.

Handling and aging can cause changes to the element's backing, degree of polarization, lensing material shape, lens material bond to the element or degree of loading. These changes result in changes in both amplitude and frequency. The effect on performance is multi-stepped.

Sources of variation in transducer performance are many. Establishing a baseline with tolerances and then monitoring for changes in any of the parameters checked will help to ensure reliability of test results.

5.4 Material Variations 
When considering the variables of the test material that affect test results, it can be grouped into three areas of concern: 

1. Entry surface 

2. Part size and geometry 

3. Internal structure. 

5.4.1 Entry surface 

Entry surface variables include: 

1. Surface roughness 

2. Surface coatings 

3. Couplant condition. 
5.4.1.1 Surface Roughness 
Surface roughness will have several possible effects on the inspection of a test piece. In contact testing, roughness on a gross scale results from: weld spatter, plate scale, dirt (sand) and rough cast surfaces from sand casting and different rough surfaces occurred from various machining operations. These irregularities will cause some points of contact to push away the couplant and force it into the lower areas around the probe. If the couplant is not sufficiently viscous it will drain away quickly and fail to couple the probe to the test piece.

[image: image23.emf]
Figure 5.1 Poor coupling results due to rough surface and thin couplant

In addition to reduced coupling, which will reduce signal amplitudes, the rough surface increases the rate of wear on the probe. On an otherwise smooth surface isolated sticky regions such as weld spatter can hinder or stop probe motion or in the case of mechanized systems there may be sufficient force to move the probe past the obstruction but this could result in damaging the probe by either tearing it from its mounting or severely scoring the plastic wedge. When the dirt on the test piece is very fine (similar to a flour texture) coupling can be prevented due to surface tension preventing the liquid couplant penetrating to the metal. Unless a transfer value has been established between test piece and calibration piece, this could go undetected.

In addition to affecting coupling, surface roughness tends to reduce signal amplitude by scattering and focusing the beam. This applies to both contact and immersion testing. 

Whether uniform or irregular, a rough surface has the potential to present a scattering effect at an interface where a beam impinges. The degree of scattering is based on the ratio of roughness to wavelength. When roughness is less than about 1/10 a wavelength, scatter will be negligible. To reduce signal losses due to scattering an operator can select a lower frequency probe. In addition to signal reduction another effect of surface irregularities is to redirect and mode convert some energy which when returned to the probe can be the source of spurious signals. In contact testing false indications from standing waves resulting from scatter on rough surfaces will normally have short sound paths. They can be eliminated as true flaws by failing to locate any trace of indication from the full skip or from the opposite side. 

5.4.1.2 Surface Coatings 
Surface coatings are added to protect a surface from corrosion or to enhance its appearance. Thin films, such as oxide layers, anodizing layers or electroplated finishes, and the slightly thicker coatings of paint or lacquer are usually well bonded to the surface. Quality of bond may be compared to the uncoated reference block by a simple transfer value. Even a slight loss due to the coating may be preferable to removing the coating and trying to inspect on the rough surface it hides. 

 5.4.1.3 Coupling Condition 
Both contact and immersion methods utilize intervening media to transfer sound from the probe into the test piece and back to the receiver. With immersion methods it is accomplished by a single fluid medium. In contact testing there are nearly always at least two intervening media; the delayline or protective face and the thin film of coupling fluid or grease. Attenuation and acoustic velocity are the two main properties that dictate the performance of a couplant. Attenuation affects amplitude of the signal and velocity will determine both transit time and refracted angles. 

But attenuation and velocity of couplants are not independent properties. Each is a function of other parameters. Unless these parameters are controlled or in some way compensated for, gross variations from the reference value or calibration conditions can result. 

Attenuation of couplants varies with material composition as would be expected. Attenuation coefficients are often quoted in dimensionless number nepers which allow for frequency dependence or in dB/mm. 

For water, attenuation is about 5 dB per meter. Since such long water path lengths are not normally used the 0.005 dB/mm attenuation is considered negligible. But for the heavier oils attenuations 200 to 500 times greater can have significant effects on signal amplitude and frequency content.  

Attenuation is not a material constant. Under changes in conditions it can change. Under static conditions it provides reasonable coupling, ease of probe movement and clean hands. When a part is inspected with more rapid probe motion than may be used for static calibration it is possible to lather the soap. As bubble density builds in the couplant attenuation will increase.

5.4.2 Part Size and Geometry 
Test results may vary if the test piece differs from the calibration or reference piece. In this way both shape and size will contribute to potential variation in test results. Particular interest in this variable exists for contact testing on curved surfaces. When a flat probe is used on a convex curved surface only a portion of the probe makes contact. This will reduce the amount of sound that can be transferred to and from the test piece. As a result sensitivity compared to coupling to a flat piece is reduced. The proportion of sound reduction compared to a flat piece is a function of the curvature of the part, the crystal diameter and the coupling ability of the couplant via its viscosity. To avoid machining calibration blocks for every possible radius and surface condition compensation is made by adding gain to the receiver. The amount of compensating gain can be determined by a simple transfer value or it can be calculated using formulae and charts.

5.4.3 Internal Structure 
The final aspect of material variations affecting test results is the structure of material under test. Material parameters are a function of makeup and environmental conditions. Makeup is determined by design and processing. Whether the material under test is steel, aluminium or fibre-composite, variations can occur by design. Proportion of resin to fibre will vary in composites and metals may have many alloying variations. In addition, metal grain structure can be varied by alloy, heat treatment and working. All these factors will provide differences in the results of ultrasonic tests manifested as variations in velocity or attenuation. Also, just as temperature and pressures were noted to change velocity and attenuation in couplants so too will the material under test be similarly affected by these externally controlled conditions. 
5.5 Defect Variation 
The next major factor affecting test results is the defect or reflecting surface of interest. In evaluating a signal an operator will use three items; soundpath, probe position and amplitude. The change in relationship of these three aspects is called "echo dynamics". Therefore, investigating the echo dynamics of a flaw allows the operator to build up an image (mental in manual scanning and possibly visual if automated) of the shape of the flaw. 
Four factors are significant in the response obtained from a defect; 

1. Size and geometry 

2. Location with respect to adjacent surfaces 

3. Orientation of the major axis 

4. Type of discontinuity and conditions of reflection. 
5.5.1 Defect Size and Geometry 
Both defect size and defect shape have a significant effect on signal amplitude. Generally small defects provide smaller amplitude signals than larger flaws. However, an irregular flaw shape may mean not all of the flaw reflects the sound back to the receiver. Irregular facets of a crack or close proximity of pores in clusters of porosity can result in sufficient losses due to scatter that very small signals are received in spite of the fact that a large volume of metal is missing; i.e. signal amplitude is no guarantee of defect size. 
5.5.2 Location with Respect to Adjacent Surfaces 
Defect position with respect to adjacent surfaces presents several causes of variable results. Simple attenuation accounts for reduced signal amplitude by increasing the sound path (in the far zone) to the flaw. If the flaw is close to another reflecting surface confusing signals may result or signals may be lost. 
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Figure 5.2 Reflections and related screen displays for various defects in UT

5.5.3 Orientation of Major Axis 
When the major axis of a defect is not exactly perpendicular to the beam reflection causes the returned signal to be directed away from the simple return path back to the transmitter. For small angles this will not cause a total loss of signal as beam dimensions are sufficient that the off-centre portions can still be detected by the probe. Even small angles off normal(e.g. +/-5°) can result in significant signal reductions. When expected flaws are planar and no convenient pulse-echo angle can be arranged to ensure the beam will strike the flaw at right-angles tandem probe arrangements are preferred. 

5.5.4 Type of Discontinuity and Conditions of Reflection 
To some extent this has been addressed by the other aspects. Defect size and geometry is usually determined by its type; e.g. porosity is usually small and spherical, slag is irregular in shape and size, and non-fusion is usually planar. However, reflectivity of defects is not a simple matter of incident angle. For very fine porosity there may be no noticeable back reflected signal but the scatter such a dispersive defect would cause would reduce the transmitted energy. But maximum reflection occurs off a free boundary. This is effectively the situation for non-fusion and cracks where the void is air. However, when a dissimilar material fills the void, as would be the case in a slag inclusion or tungsten inclusions in a TIG weld or carbide inclusions in castings or forgings, part of the sound incident on the boundary is transmitted. This will reduce the reflected signal. Added to the loss due to transmission into the next medium is the associated loss due to the reflection at any angle other than 0°.

5.6 Effect of Standoff Distance on Surface    Roughness Measurement
Standoff distance is the distance between   bottom surface of the probe and top surface of the specimen. The probe distance from the test specimen should be fixed throughout the experiment to observe the changes in surface roughness for one condition. The optimum standoff distance to be defined and the feasibility to be analyzed for real time conditions. For that, higher stand of distance may lead to loss in actual amplitude due to attenuation. So optimum standoff distance (approx 4.5 to 6mm) to be maintained for surface roughness measurement. 
5.7 Effect of Probe Frequency
The graphs above are done with 10MHz frequency. When testing with any other frequency transducer, the reduction behavior of the signal amplitude with surface roughness always decreases with increasing surface roughness. The reduction in amplitude is lower in low frequency transducer. This means when wavelength of ultrasonic beam increases, transmission and scattering losses decreases. So for the surface roughness measurement, high resolution and high frequency probes are recommended for better results. So 10 MHz transducer is used throughout the experiment.
CHAPTER 6

Experiments
6.1 Introduction
The experimental part of the study includes the route followed from the beginning till the end of experiments. Each step is explained briefly as the following order. 

1) Material Selection and Material Properties 

2) Test Specimens 

- Surface Preparation 

- Roughness Measurement 

- Side Drilled Holes








3) Ultrasonic examination results in time-domain analysis.

4) Ultrasonic examination results in frequency-domain analysis.

5) Online experimental inspection-setup for monitoring surface roughness.
6.2 Material Selection and Properties 
Today, several types of materials are in use through the demand of industry. There are many steel types used for different type applications and so for the other materials like aluminum, stainless steel etc. It will be difficult to compare different types of materials in the same test because every material behaves different under same machining conditions and there might be trouble obtaining same rough surfaces with different material. So choosing a material which is used more frequently and which is available for different machining operations will be better for our study. By considering these two criteria, it is planned to carry out the experiments with AISI/SAE 1040 steel, because of its frequent usage and availability for different machining operations. 
6.2.1 General Information on AISI/SAE 1040 
It is a general purpose mild steel with medium-carbon fine grain suitable for machinery parts. In the production of this grade, special controls are used for chemical composition, heating, rolling and surface preparation. These bars are suitable for applications of forging, cold drawing, machining, and heat treating (including flame hardening). Good wear resistance can be obtained by flame or induction hardening. Below table shows the chemical composition of the AISI/SAE 1040 steel.

Table 6.1 Chemical Composition of AISI/SAE 1040 steel

	AISI/SAE NORM
	1040

	DIN NORM
	C 35

	C
	Mn
	Si
	P
	S

	0.35

0.44
	0.60

0.90
	0.10

0.30
	Max

0.040
	Max              

0.050


6.2.1.1 Typical applications 
Transmission axles, bolts, shafts, machinery parts, lightly stressed gears, pinions forming dies and rails. 
6.2.1.2 Mechanical properties 
The following values are average values and may be considered as representative. 

Table 6.2 Average values of mechanical properties of AISI/SAE 1040 steel
	Tensile strength 
	MPa
	600 - 800 

	Yield strength 
	MPa
	330 - 420 

	Elongation 
	% 
	16 - 25 

	Reduction in area 
	% 
	49 

	Brinell hardness 
	           180 


6.3 Test Specimen Specification

Material     :  AISI/SAE 1040
Geometry  : 75 X 60 X 14 mm
6.3.1 Surface Preparation 
Several methods were used to obtain appropriate surface roughness. The point here is that, nearly every machining operation forms its own roughness, lay, waviness style. And choosing a widely used machining operation is important to reference actual industry situations. Milling is a very conventional tool used in most areas of machinery and it is a widely used operation. It is possible to change surface quality by altering the parameters of the milling machine. There are three main parameters that surface roughness is directly proportional; feed rate, depth of cut and spindle speed. By changing these, 4 different surfaces having different roughness values are formed at one side of the specimens. The machine used for machining the surfaces was a universal milling machine having certain parameters which can be applied manually. The head part of the milling machine was tilted to a very small angle to prevent cross accurate lay structure. By tilting, the resultant lay would be accurate lay structure. The tool used for milling operation was a 10 cm. diameter tool with single diamond on it. The machine parameters and obtained roughness values are given below.
6.3.1.1 Measuring Conditions and Parameters

Standard



: JIS94

Leveling 



: All leveling

Measurement speed 

: 0.5 mm/s

Return speed 


: 1.0mm/s

Vertical magnification 

: auto 

Horizontal magnification 
: 10

Cutoff value 


: 0.8mm

Evaluation length 


: *5

Parameter



: Ra
Table 6.3 Milling machine parameter and roughness values obtained
	Test Specimen
	Traverse feed in mm

	‘A’
	0.1

	‘B’
	1.4


6.3.2 Roughness Measurements 
Step 1: Work pieces of different surface roughness are produced by using end milling process for various feeds. 

Step 2: The work piece is divided in to ten segments. The surface area of a segment is approximately equal to the surface area of the probe.

Step 3: The roughness is measured at three places by using roughness profilometer of each segment and the average value is taken. This approximates the measured value to the actual value. 
Table 6.4 Roughness, Ra values taken from profilometer for 
                  test Specimen ‘A’

	No.of Trails
	10 Different Positions

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	1
	1.475
	1.15
	0.93
	0.824
	0.7
	1.469
	1.026
	0.668
	1.244
	0.799

	2
	0.763
	1.18
	0.753
	0.937
	0.938
	0.703
	1.012
	0.681
	1.017
	0.952

	3
	0.724
	0.781
	0.821
	0.761
	0.802
	0.745
	0.78
	0.845
	0.844
	0.622

	Avg
	0.987
	1.037
	0.834
	0.84
	0.813
	0.972
	0.939
	0.731
	1.035
	0.791


Roughness value for Test Specimen A or Average values for 10 place readings

Ra =0.7944
Table 6.5 Roughness, Ra values taken from profilometer for
                test Specimen ‘B’

	No. of Trails
	10 Different Positions

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	1
	12.419
	11.061
	11.448
	10.666
	11.457
	7.512
	6.596
	7.692
	7.063
	7.715

	2
	11.407
	11.118
	11.139
	11.271
	12.128
	8.549
	8.043
	7.69
	8.209
	7.775

	3
	11.477
	10.845
	10.549
	10.852
	11.84
	7.878
	8.359
	8.656
	7.947
	8.161

	Avg
	11.767
	11.008
	11.045
	10.929
	11.808
	7.979
	7.665
	8.012
	7.73
	7.883


Roughness value for Test Specimen B or Average values for 10 place readings

Ra =9.5818

Only one side of each specimen was machined with these parameters. The other sides were also machined but only for removing rust from the surfaces and they were grounded afterwards. The machined surface of Test Specimen ‘A’ (having 0.7944 μm Ra) is grounded by a surface grinding machine in order to reduce its roughness value to 0.5 μm Ra. Then the specimen sets were put on their machined surfaces downward to the table of grinding machine and back sides of every specimen was grounded by the same surface grinding machine, at the same time. This made specimens to have same height and same roughness value at back surfaces. In order just to have a clean surface for the other 2 faces which are not grounded, grinding operation is applied coarsely.
6.3.3 Side Drilled Holes 
Holes were drilled to one side of each specimen with drilling machine. Diameters of holes are 4, 5, 6.5 and 8 mm. The holes were drilled in such a way that edges of holes are 3 mm depth away from the front wall (roughness surface) and the holes were drilled till half way (30 mm) of the test specimen. Not the centers but the upper quadrants of each hole were located at given depth. 

6.4 Ultrasonic examination  
6.4.1 Ultrasonic flaw detector Description
All tests were made by EPOCH 4PLUS Digital Ultrasonic Flaw Detector of Olympus NDT. The EPOCH 4PLUS is a lightweight portable flaw detector offering ultrasonic performance, resolution and documentation capabilities with color display that has special advantages over basic traditional displays. The EPOCH 4PLUS is a continuously self-calibrating instrument, the user must determine regulatory requirements. The instruction Manual describes routine tasks for operating the EPOCH 4PLUS. 
6.4.2 Ultrasonic Inspection 

Ultrasonic inspection of the different machined surfaces is performed using the standard procedure of “Normal beam Pulse – Echo", using the straight beam of 10 MHz frequency probe is used in these measurements. The high energy ultrasonic waves propagate on the surface with the help of T/R (transmitter/Receiver) transducer. Whenever irregularities are present on the surface, some portion of energy is reflected back and this energy in the form of electrical signals are read out on CRT. The correlations between ultrasonic waves verses roughness is made to predict roughness value.

A coupling medium is normally required at the interface between the transducer and the tested surface, in order to introduce the ultrasonic energy through them. Normally water, grease, petroleum jelly, propylene glycol are used as a coupling medium. Here water is used as a coupling medium. It also acts as a couplant.

The inspection is made in two different analysis methods:

1) Time-Domain Analysis

2) Frequency-Domain Analysis

6.5 Time - Domain Analysis
Time-domain analysis is an analysis between distance travelled by the frequency of the transducer through the test specimen and the amplitude resulting from the test specimen. By this mode of inspection, the surface roughness can be measured and the effect of subsurface defect on the surface roughness can be resulted. 
This time-domain mode inspection is done in two different methods,

· Direct Contact method

· Non-contact or Immersion test method

6.5.1 Direct Contact method

Contact test is made by placing the transducer on the test piece with couplant. The couplant is used between the transducer and the test specimen to eliminate air from this space and thus facilitate the passage of sound waves into and out of the specimen.   
6.5.1.1 Ultrasonic Measuring Conditions and Parameters
· Method 


= Normal beam pulse – Echo.

· Frequency 


= 10 MHz.

· Type of probe 

= Transmitter/ Receiver, 
[Normal probe]

· Coupling medium 
= Water

· Gain

  
= 40 dB

· Velocity


= 5900 m/s

· Range


= 60 mm

6.5.2 Non-contact or Immersion test method


The specimen to be tested is immersed in water tank so that water acts as a couplant. Position of the transducer is important in this method. transducer should be parallel to the couplant level; otherwise the ultrasonic waves will not propagate properly.
6.5.2.1 Ultrasonic Measuring Conditions and Parameters
·   Method 


= Normal beam pulse – Echo.

·   Frequency 


= 10 MHz. 

·   Type of probe 

= Transmitter/ Receiver, 
[Normal probe]

·   Coupling medium 
= Water

·   Gain

  

= 40 dB

·   Velocity


= 1480m/s

·   Range


= 60 mm

6.6 Frequency-Domain Analysis
Frequency-domain analysis is an analysis between the amplitude from the test specimen and the its corresponding frequency. The chance of variation of the amplitude due to roughness and the defects in the test specimen gives a variation in frequency for the same disturbances.

Here, frequency-domain analysis is done in MAT Lab software. The conversion of the distance – amplitude graph to frequency-amplitude graph is done by the following program,

 clf

figure(1)

subplot(211)

plot(M(:,1),M(:,2))

Y = fft(M(:,2),512);

Pyy = Y.* conj(Y) / 512;

f = 10000000*(0:256)/512;

fs = 7000000;

subplot(212)

plot(f,Pyy(1:257))

title('Frequency content of y')

xlabel('frequency (Hz)')

Pow = (fs/length(Pyy)) * sum(Pyy);

Executing this program results in frequency-amplitude graph for frequency-domain analysis.

6.7 Online experimental inspection setup for monitoring surface roughness
Here, an online experimental inspection-setup is made to obtain the feasibility of monitoring the surface roughness of the material. The experimental inspection-setup has provision for placing the transducer at top surface and bottom for touching the grinding workpiece. Further it has provision for water to flow in and out. The water acts as a couplant for the transducer and as a coolant for the grinding process.  
The setup is attached to the grinding machine so that inspection can be carried out the moment after the material is grinded, so that roughness can be measured online. So by the results of the online measurement values, it can conclude if the material is to be used or processed further or not. Further this system completely eliminates a separate inspection station for roughness evaluation.
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Figure 6.1 Online inspection in grinding machine
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Figure 6.2 Online inspection setup
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Figure 6.3 Couplant flow through the setup

[image: image27.jpg]



Figure 6.4 Online inspection process

In future, software has to be developed to predict the ultrasonic parameters in real time. This can be interfaced with an adaptive control system which maintains optimum cutting parameters to get the set value of roughness. Proper coolant circulation system has to be designed to improve the coupling effect between the transducer and the workpiece.

Chapter 7

Results and DISCUSSION
7.1 RESULTS of time-domain analysis
7.1.1 Correlation between Amplitude of Ultrasonic Signal and Surface Roughness

The generated surfaces through milling process with different degrees of surface roughness by increasing feed motion on surface of the workpiece are considered for the roughness measurement. Whether uniform or irregular, a rough surface has the potential of altering ultrasonic signals. In our case, it can be seen from the experiments that increasing surface roughness decreases the signal amplitude, which is as expected (fig 7.1). This means when an ultrasonic sound pressure incidences on a rough boundary of a surface, it loses more of its sound pressure compared with smoother ones.
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Figure 7.1   Roughness Vs Amplitude by direct contact mode

Using the polynomial fit of roughness and amplitude, the roughness value of the material can be predicted when the amplitude is known with given ultrasonic parameters for mild steel. 
The sound pressure of course not vanishes but scattered out and within the material due to roughness. In the similar way, peak to peak amplitude of RF ultrasonic signals also have a proportional relation with surface roughness. Another parameter root mean square is a statistical measure of the magnitude of a varying quantity. It can be calculated for a series of discrete values or for a continuously varying function. It gives the total ultrasonic energy reflected from the machined surface.
7.1.2 Correlation between Amplitude of Ultrasonic Signal and Defect   Size in the test specimen

The defect size has a significant effect on signal amplitude. Generally small defects provide smaller amplitude signals than larger flaws.
By direct contact mode, the experiment was conducted on both the test specimens ‘A’ and ‘B’ Graphs were made with the proposed defect size and resultant amplitude.
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Figure 7.2  Defect Size Vs Amplitude for test specimen ‘A’ by  direct contact mode.
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Figure 7.3  Defect Size Vs Amplitude for test specimen ‘B’ by  direct contact mode.
By non-contact mode, the experiment was conducted on both the test specimens ‘A’ and ‘H’ Graphs were made with the proposed defect size and resultant amplitude.
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Figure 7.4  Defect Size Vs Amplitude for test specimen ‘A’ by non-contact mode.
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Figure 7.5  Defect Size Vs Amplitude for test specimen ‘B’ by non-contact mode.

thus, from above graphs results, we can conclude that when the defect size increases the amplitude of the output signal increases. This is because the defect provides a plane for reflection of more signals with increase in defect size.

7.1.3 Variation of ultrasonic amplitude signal with the test specimens ‘A’ and ‘B’
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Figure 7.6 Amplitude Vs Test Specimen ’A’ and ‘B’

From this graph, the amplitude of the signal varies for the same size of defects. This is due two reasons.

1. Due to irregular surface of the test specimen, the amount of signal transmitted into the test piece is reduced. The reduction is due to the scattering of the signal on the rough surface.
 2. Due to irregular surface area of the test piece, the perfect flow of couplant is not possible. This will reduce the amount of energy transmitted into the test piece.
7.1.4 Measurement of surface roughness for test specimen ‘A’ and ‘B’
For the measurement of the surface roughness, the test specimens ‘A’ and ‘B’ are segmented for proper location of the transducer according to the figure 7.7 given below
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Figure 7.7 Segmentation of the test specimen for proper location of the transducer
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Figure 7 .8 Amplitude Vs Location of transducer for specimens ‘A’ and ‘B’

· For test piece A, at locations where there are no defect, the reflected amplitude signal maintained between the amplitude range of 79-84%(4%).

· For test piece B, at locations where there are no defect, the reflected amplitude signal maintained between the amplitude range of 51-61%(9%).

These variations in amplitude for both the test piece is due to change in surface integrity at various locations. Hence these amplitude ranges can be used to calculate surface roughness for respective material. 
7.1.5 Correlation of the attenuation coefficient with the defect size
The attenuation coefficient is calculated by using the equations 4 and 5 are correlated with defect size of the test specimen. The attenuation coefficient describes the loss of ultrasonic energy due to scattering. 
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Figure 7.9 Attenuation co-efficient Vs defect size for test specimen ‘A’
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Figure 7.10 Attenuation co-efficient Vs defect size for test specimen ‘B’

From the above graphs, attenuation co-efficient decreases with the increase defect size. It indicates that the amount of energy scattered from the test specimen decreases. (Figure 7.9 & 7.10)
The graph(Figure 7.9) for test specimen ’A’ is linear due to smaller value of roughness but in graph (Figure 7.10) for test specimen ’B’ is not linear due to high roughness value.
Therefore, the attenuation co-efficient is indicator for the amount energy transmitted from the test specimen due to defect.    
7.2 Results of Frequency-Domain Analysis

The graphs amplitude Vs frequency given by MATLab software are given below,
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Figure 7.11 Frequency graph for rough surface-location1 for 

test specimen ‘A’
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Figure 7.12 Frequency graph for rough surface-location 2 for 

test specimen ‘A’
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         Figure 7.13 Frequency graph for 8mm hole for  test specimen ‘A’
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Figure 7.14 Frequency graph for 6.5mm hole for test specimen ‘A’
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Figure 7.15 Frequency graph for 5mm hole for test specimen ‘A’
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Figure 7.16 Frequency graph for 4mm hole for test specimen ‘A’
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Figure 7.17 Frequency graph for rough surface - location 1 for 

test specimen ‘B’
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Figure 7.18 Frequency graph for rough surface - location 2 for 

test specimen ‘B’
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Figure 7.19 Frequency graph for 8mm hole for test specimen ‘B’
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Figure 7.20 Frequency graph for 6.5mm hole for test specimen ‘B’
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Figure 7.21 Frequency graph for 5mm hole for test specimen ‘B’
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Figure 7.22 Frequency graph for 4mm hole for test specimen ‘B’
From the graphs(figure 7.11, 7.12, 7.17, 7.18), the frequency ranges between 0.5 to 5 MHz which are inspected from the test specimen ‘A’ and ‘H’ rough surface. While from the other graphs(figure 7.13, 7.14, 7.15, 7.16, 7.19, 7.20, 7.21, 7.22), the frequency ranges between  2.5MHz to 5 MHz which are inspected from the test specimen ‘A’ and ‘B’ with holes of sizes 8,6.5,5 and 4mm.

The wide frequency range (0.5 to 5MHz) for rough surface is due to surface integrity on the surface. The signals are scattered much from the rough surface so there is a wide range of frequency.

CHAPTER 8
Conclusion

So the results from these tests can be used as a guide line for better evaluating the surface roughness in subsurface defects. Some main points concluded from this study can be listed as follows:
· The roughness value of the material can be predicted when the amplitude is known with given ultrasonic parameters for mild steel.
· Increasing surface roughness decreases transmitted sound pressure 

· When the defect size increases the amplitude of the output signal also increases.

· For the same defect size, the reflected signal amplitude will vary according to the changes in roughness. Therefore, roughness is affecting the ultrasound wave transmitted through the test piece. Hence, measurement of roughness of the test piece is possible.
· Attenuation co-efficient decreases with the increase defect size.

· The attenuation co-efficient graph is linear for smaller value of rough surface work piece than the high rough surface work piece.
· Defect size and its location may be predicted.
· In frequency domain analysis, the frequency range for rough surface is wider than the defect area. So this concept helps to identify the rough surface from defect area.
An effective and sensitive online inspection setup can be proposed for roughness measurement and sizing of defects. A further study with different testing methods can be helpful to fully reveal the effect of surface roughness in subsurface defects and the ways to decrease or eliminate its effect. There are many open points as listed above for testing rough surfaces ultrasonically eliminating the defect signal in roughness measurement and these points should be examined together in order to fully understand ultrasonic testing of rough surfaces phenomena with subsurface defects.
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